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   Abstract 
 
This study investigates the coordination modes of potential multidentate N,O-donor 
Schiff base ligands to the [ReVO]3+ and fac-[ReI(CO)3]+ cores. The project is aimed at 
the synthesis of tridentate, tetradentate and pentadentate Schiff bases ligands derived 
from the condensation reactions of benzaldehyde with different primary amines. The 
structures of these Schiff bases and their complexes were confirmed by using physical 
characterization methods, namely melting points, UV-Visible, UV-emission, 1H NMR 
and IR spectroscopy, X-ray diffractometry and elemental analysis.  
To further understand the coordination chemistry of rhenium, the prepared diimine-
diphenol N2O2-donor Schiff base ligand N,N′-o-phenylene-bis(salicylaldimine) 
(H2salphen) was reacted with trans-[ReOCl3(PPh3)2] to yield cis-
[ReCl2(ophsal)(PPh3)], whereas its reaction with trans-[ReOBr3(PPh3)2] resulted in 
the formation of the cis-[ReBr2(aphsal)(PPh3)].2CH3CN complex. In the above 
complexes the H2salphen ligand was cleaved leading to the coordinated tridentate 
ophsal NO2- and aphsal N2O-donor ligands. The reaction of H3aphsal with trans-
[ReOBr3(PPh3)2] in toluene led to an unexpected compound, trans-
[{[ReBr(aphsal)(PPh3)2]Br}{[ReBr(aphsal)(PPh3)2](ReO4)}] with an imido [ReNR]3+ 
core. The ligand aphsal was coordinated tridentately with the doubly deprotonated 
amino nitrogen leading to Re(V)-imido complexes. The reaction of 2-((Z)-(2-
aminoethylimino)methyl)phenol (H3amphol) with [Re(CO)5Cl] led to the rhenium(I) 
product fac-[Re(CO)3(H3amphol)] with H3amphol coordinated as a monoanionic 
tridentate chelate through its phenolate oxygen and amino nitrogen atoms. The X-ray 
crystal structures showed that all complexes display a distorted octahedral geometry 
around the central rhenium atom. 
The reaction of 2,6-bis(2-hydroxyphenylimino)pyridine (H2hpp) with cis-
[ReO2I(PPh3)2] resulted in the reduced Re(III) product trans-[Re(hpp)(PPh3)2]I, while 
trans-[Re(hpp)(PPh3)2](ReO4) was isolated from its reaction with trans-
[ReOCl3(PPh3)2]. The H2hpp ligand acts as a pentadentate N3O2-donor ligand where 
the two phenolic protons undergo deprotonation and its three nitrogens act as neutral 
donor atoms. Both compounds resulted from a disproportionation reaction 
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characterized by the produced perrhenate counter-ion. The complex fac-
[Re(CO)3(H2hpp)Cl] was prepared from [Re(CO)5Cl] and H2hpp in toluene. The 
H2hpp ligand acted as a neutral bidentate N,N-donor chelate. The metal is coordinated 
to three carbonyl donors in a facial orientation, two neutral nitrogen atoms and a 
chloride ligand. 
The reactions of the potentially tetradentate ligand N,N'-
ethylenebis(salicylideneimine) (H2salen) with different rhenium(V) precursors  
resulted in the formation of two dimeric oxorhenium (V) compounds. In the reaction 
of H2salen with trans-[ReOCl3(PPh3)2] in ethanol, the highly unusual distorted 
dimeric complex (μ-salen)[ReOCl2(PPh3)]2 was isolated, in which salen2- is 
coordinated as a tetradentate to two oxorhenium(V) centres, and salen2- is present as a 
bidentate monoanionic ligand on each rhenium center. The reaction of cis-
[ReO2I(PPh3)2] with H2salen led to the formation of the neutral dimeric 
oxorhenium(V) complex (μ-O)[ReO(salen)]2 in which the tetradentate chelate salen 
acts as a tetradentate dianionic ligand through its phenolate oxygens and nitrogen 
atoms of the azomethine groups. In its reaction with H2hmp the compound (μ-
O)[ReO(hmp)]2 was isolated. In this product the pentadentate ligand H2hmp 
coordinated as tetradentate via its phenolic oxygen and nitrogen atoms. The reaction 
of the potentially tetradentate N1,N2-bis(aminobenzylidene)-1,2-ethylenediamine 
(H2amben) with trans-[ReOCl3(PPh3)2] led to the formation of the monocationic 
square-pyramidal complex salt [ReO(amben)](ReO4). 
 
 
 
Keywords: Rhenium, N,O-donor Schiff base, multidentate, imido, amino, oxo, 
crystal structure. 
 
Crystallographic Data                                                                            G. Habarurema 
Nelson Mandela Metropolitan University                                                                 vi	
 
Crystallographic Data 
 
 
 
Supplementary data for all the crystal structures that were determined in this study are 
stored on the compact disk that is included in this dissertation (attached to the inside 
back cover). 
 
These data include the: 
 
•    Final crystal structure data and details of the structure determinations. 
•    Final coordinates and equivalent isotropic displacement parameters of the non-            
      hydrogen atoms. 
•    Hydrogen atoms positions and isotropic displacement parameters. 
•    An isotropic displacement parameters. 
•    All bond lengths and bond angles. 
•    Torsion angles. 
•    Contact distances. 
•    Hydrogen-bonds. 
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 Chapter 1 
 
Introduction  
 
1.1 General Background  
 
The widespread interest in the coordination chemistry of rhenium is mainly based on 
the potential radiotherapeutic application of its two radioisotopes 186Re and 188Re in 
radiopharmacy [1-4]. Similar to rhenium, technetium is a radiopharmaceutical 
diagnostic agent in nuclear medicine. All isotopes of technetium are radioactive and 
the most commonly available isotope is 99mTc (called metastable 99Tc). The nuclear 
properties of 99mTc has a short half-life (t1/2 = 6 h) and γ-ray emission of 140 keV. 
99mTc can be obtained from 99Mo/ 99mTc generators [5]. 99mTc complexes are used as 
imaging agents for evaluating medical conditions of the heart, kidneys, lungs, liver, 
spleen and skeleton, and also for blood flow studies. The two rhenium isotopes 186Re 
and 188Re are relevant to nuclear medicine due to their characteristics such as strong 
β-emission energies of 1.07 MeV and 2.120 MeV, γ-emission energy of 137 KeV and 
155 KeV, long half-lives of 90.64 h and 16.9 h and soft tissue penetration of 1.6 nm 
and 3.9 nm for 186Re and 188Re isotopes respectively [6]. The short half-life of 17 h of 
188Re is one of its disadvantages in therapeutic applications. 188W from the 188W/188Re 
generator undergoes decay to produce the 188Re isotope as Na188ReO4, whereas 186Re 
is produced by neutron irradiation of natural or enriched 185Re in a reactor via the (n, 
γ) reaction [4]. 
 
Technetium and rhenium complexes have similar physical properties due to the “d-
block contraction” of the 4d and 5d transition metals. The chemistry of rhenium 
differs from that of technetium mainly for its ease of oxidation. The oxidation states 
of rhenium range from -I to +VII. Both Re(V) and Re(VI) disproportionate to Re(VII) 
and Re(IV). Rhenium(V) forms stable coordination bonds with a large number of 
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ligands leading to different complexes characterized by different metal cores such as 
the mono-oxo [ReO]3+ core, which has a Re=O moiety having properties of labilizing 
any ligand trans to it [7]. The Re≡N group is also capable of stabilizing the +V 
oxidation state of rhenium. Other metal cores include the trans-dioxo and cis-dioxo 
[ReO2]+ [8,9], dimeric oxo-bridged complexes [Re2O3]4+ [10], nitrido [ReVN]2+ [11], 
amido [ReVNHR]4+ [12] and imido [ReNR]3+ [13] entities. The main core for Re(I) is 
the tricarbonyl core [Re(CO)3]+ [14].  
 
1.2 Objectives and Motivation of the study 
Schiff bases have been investigated and are known as the most versatile class of 
ligands for the study of the coordination chemistry of transition metals, and are easily 
obtained from the condensation reaction of ketones or aldehydes with primary amines 
[15]. Schiff bases and their complexes play a significant role in the coordination 
chemistry of transition metals and show different properties such as catalytic, 
biological, antifertility, enzymatic activities and therapeutic potential for cancer 
treatment [16]. In the area of inorganic chemistry the interest in Schiff bases 
complexes lies in that they provide synthetic models for the metal-containing sites 
contributing enormously to the development of medicinal chemistry, radio- 
immunotherapy, cancer diagnosis and treatment of tumours [17,18]. In addition, some 
of the complexes containing N and O donor atoms are effective as stereospecific 
catalysts for oxidation [19], reduction [20], hydrolysis [21], biocidal activity [22] and 
other transformations in organic and inorganic chemistry.  
The main objectives of this study were the synthesis of pentadentate, tetradentate and 
tridentate Schiff base N,O- and O,O-donor ligands, and their rhenium complexes 
formed from Re(V) and Re(I) precursors. 
The pentadentate ligands used for complex formation are 2-{[2-hydroxy-3-{[(E)-(2-
hydroxyphenyl)methylidene]amino}propyl)imino]methyl}phenol (H2hmp) (Figure 
1.2a) and 2,6-bis(2-hydroxyphenylimino)pyridine (H2hhp) (Figure 1.1a), the 
tetradentate ligands N,N'-(o-phenylene)bis(salicylideneimine) (H2salphen) (Figure 
1.3a), N1,N2-bis(aminobenzylidene)-1,2-ethylenediamine (H2amben) (Figure 1.3b) 
and N,N'-ethylenebis(salicylideneimine) (H2salen) (Figure 1.2b), while the tridentate 
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Schiff bases ligands were (Z)-(2-aminophenylimino)methyl)phenol (H3aphsal) 
(Figure 1.1b) and 2-((Z)-(2-aminoethylimino)methyl)phenol (H3amphol) (Figure 
1.3c). 
 
Figure 1.1: Line structures of H2hpp (a) and H3aphsal (b). 
 
 
Figure 1.2: Line structures of H2hmp (a) and H2salen (b). 
 
 
 
Figure 1.3: Line structures of H2salphen (a), H2amben (b) and H3amphol (c). 
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Re(V) has acidic properties and is unstable in water and can be oxidized and 
stabilized to Re(VII). Complexes containing the fac-[Re(CO)3]+ core are inert and 
soluble in water allowing them to be used as radiopharmaceuticals [15]. Complexes of 
rhenium(I) with the tricarbonyl core are kinetically and thermodynamically stable.  
This study is therefore dominated by the reactions of the rhenium precursors 
containing the [ReVO]3+ and fac-[ReI(CO)3]+ cores with potentially tri-, tetra- and 
pentadentate Schiff bases N,O-donor ligands giving Re(I), Re(III), Re(IV), imido-
Re(V) and oxo-Re(V) complexes. 
 
1.3 Rhenium Radiopharmaceuticals  
 
1.3.1 Rhenium radionuclides 
In nature rhenium exists as a combination of two non-radioactive isotopes (185Re and 
187Re). 185Re is the stable isotope with abundance of 37.4%, and the 187Re has the 
abundance of 62.6% [23-25]. Rhenium has two artificial radioisotopes, 188Re and 
186Re, which are used for treatment of certain diseases such as liver cancer due to their 
ability of tissue penetration (see Table 1.1). 186Re has the advantage of a longer half-
life time (90 h), while the half-life time of 188Re is 17 h [25,26]. 
Table 1.1: Physical characteristics of 186Re and 188Re radionuclides. 
Radionuclide      Half-life (t1/2)     Decay mode        Eβ (max)         Eγ        Tissue range 
                                    (h)                    (%)                  (MeV)        (MeV)          (mm) 
 
186Re                           90                   β-(92),                 1. 07          0.137             5 
                                                           EC(8)            
188Re                           17                   β- (100)               2. 12          0.155             11 
 
A new concept for preventing cancer is primarily based on irradiation of the tissue 
wall with β-particles. Both 186Re and 188Re are good β-ray emitting radioisotopes 
possessing maximal β-energies and half-lives which allow them to destroy tissues 
affected by cancer [23]. The chemistry of rhenium is similar to that of technetium and 
both rhenium and technetium radioisotopes emit radiation in a similar manner. This 
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allows rhenium to be useful in radiopharmacy due to some difficulties occurring when 
working with technetium especially for the use of 99mTc isotope in nuclear medicine 
due to its high cost and short half-life [9,27]. This property of rhenium helps during 
the process of monitoring its radiopharmaceuticals biodistribution by a γ-ray camera. 
The two rhenium radionuclides (188Re and 186Re) used for the treatment of liver cancer 
differ in their ability of tissue penetration.  186Re has been reported as useful for small 
tumours due to its powerful tissue range of 5 mm, while 188Re is used to cancer larger 
tumours based on its penetration tissue range of 11 mm. However, 186Re has the 
advantage of having a longer half-life of 90 h compared to that of 188Re (17 h) [25]. 
 
1.3.2 Rhenium radiopharmaceuticals design approach 
Radiopharmacy is the field of study and application of radionuclides in nuclear 
medicine for diagnostic and therapeutic purposes [28]. Modern radiopharmaceutical 
design approaches have concentrated on the relationship between chemistry, 
pharmacy and medicine aimed at the final goal of treating some of the diseases which 
attack human beings, especially cancer. It is also based on the use of biologically 
active molecules (BAM) which have strong interaction with receptor sites. Three 
major components required for radionuclide complexes are a biologically active 
molecule, chelating agents, and a radiometal. The chemistry of technetium is the same 
as that of its congener rhenium, thus the 99mTc radionuclide can be used as the 
“matched pair” approach for the corresponding 186Re or 188Re radionuclides. In this 
case, 99mTc complexes can be used for diagnostic imaging and the patients can be 
treated accurately with therapeutic 186Re or 188Re analogues [29]. It is known that 
most of rhenium radiopharmaceuticals are obtained from the oxorhenium(V) 
compounds [30-32]. Numerous diphosphonate ligands such as hydroxymethylene 
diphosphonate (HMDP) (see Figure 1.4a), hydroxyethane diphosphonate (HEDP) (see 
Figure 1.4b), dimercaptosuccinic acid (DMSA) and mercaptoacetyl triglycine 
(MAG3) are now being used clinically after complexing them to technetium and 
rhenium [33].  
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Figure 1.4: Line structures of HMDP (a) and HEDP (b). 
 
 
In nuclear medicine both 186Re-HEDP and 188Re-DMSA (see Figure 1.5b) are used for 
bone pain palliation [34]. 188Re-containing complexes such as 188Re-perrhenate or 
188Re-MAG3 (MAG3 = mercaptoacetyl triglycine) are used during endovascular 
radiation treatment. However, 188Re-MAG3 (Figure 1.5a) shows more rapid urinary 
bladder excretion in rats than rhenium perrhenate. 
 
 
                           Figure 1.5: Line structures of Re-MAG3 (a) and Re-DMSA (b). 
 
The properties of 188Re-HEDP make it a useful potential candidate for the treatment of 
bone metastases over 186Re-HEDP. The application of 186Re-HEDP has the 
disadvantage of emitting excess radiation in the bone marrow [35,36]. This led to the 
development of new 186Re-labelled biphosphonate derivatives based on the concept of 
bifunctional radiopharmaceuticals, such as 186Re-MAMA-HBP [37,38]. 
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Recent investigations have shown that 188Re-SOCTA-trastuzumab was used as a 
radioimmunoagent for breast cancer treatment. The trastuzumab antibody labelled 
with 188Re via the use of the N2S2 ligand SOCTA is a useful biofunctional chelator for 
protein conjugation [39-41]. Figure 1.6 shows the structures of 188M-SOCTA-
trastuzumab where (M = 188Re, 99mTc). 
 
Figure 1.6: Structure of 188M-SOCTA-trastuzumab (M= 188Re, 99mTc). 
 
1.4. The General Chemistry of Rhenium(I) 
 
 
Rhenium(I) exhibits a d6 electronic configuration in an octahedral field and complexes 
in this oxidation state display kinetic and thermodynamic stability [42]. Numerous 
coordinating molecules or ligands have been reported to have the potential of 
stabilizing rhenium in the oxidation state +I. 
 
1.4.1 Rhenium(I) tricarbonyl core, fac-[Re(CO)3]+  
 
Recently, rhenium radiopharmaceutical development using organometallic fragments 
has been studied for preparing the aqueous fac-[99mTc(CO)3(H2O)3]+ and fac-
[188Re(CO)3(H2O)3]+ complex cations [43]. Interest in the design of different 
radiopharmaceuticals containing carbonyl ligands results from their high 
thermodynamic stability, small size, kinetic inertia and in vivo stability. Furthermore, 
the [M(CO)3]+ moiety allows the use of a wide range of ligand systems in order to 
facilitate the testing of many different chelating sets. In additional, the 
[Re(CO)3(H2O)3]+ complex has shown the  greatest interest of being used as a starting 
material for the preparation of other fac-[Re(CO)3]+ complexes due to the powerful 
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trans effect of its carbonyl groups responsible for labillizing water molecules trans to 
them. These water molecules are easily replaced by a variety of functional groups, 
such as amines, thioethers, imines, thiols, carboxylates and phosphines [42]. The fac-
[M(CO)3]+ can also be used to synthesize complexes with heterocyclic compounds 
such as imidazole. Rhenium radiopharmaceuticals containing the fac-[M(CO)3]+ 
moiety have a higher stability in water than radiopharmaceuticals containing the 
oxorhenium(V) core, which is prone to oxidation by water [14,42]. 
 
 
1.4.2 Coordination chemistry of rhenium(I) 
 
a) Rhenium(I) complexes with N,N donor ligands 
 
The reaction of the [Re(CO)3(H2O)3]Cl and the  azadipyromethene acting as a 
chelating N,N-donor ligand resulted in the complex shown in Figure 1.7 [44]. In this 
complex the ligand acts as a bidentate and coordinates to the metal centre via the N,N 
chelating donor atoms. In the structure X can be replaced by pyridine, 
tetrahydrothiophene, N-benzylimidazole and t-butylisonitrile. 
 
 
Figure 1.7: Synthetic route of fac-[Re(CO)3]+ complex. 
 
(b) Rhenium(I) complexes with N,O-donor ligands 
 
 
The reaction of [Re(CO)5Cl] with 2-benzoylpyridine (bopy) led to the formation of 
the fac-[Re(CO)3(bopy)Cl] complex (see Figure 1.8). The ligand showed coordination 
to the metal centre via the N,O chelating donor atoms [45]. 
Chapter 1                                                                                                G. Habarurema 
Nelson Mandela Metropolitan University                                                                 9	
 
 
Figure 1.8: Structure of fac-[Re(CO)3(bopy)Cl]. 
 
 
(c)   Rhenium(I) complexes with N,O-donor Schiff base ligands 
 
Schiff base ligands are involved in rhenium radiopharmaceuticals design due to their 
donor atom variety and substituents [46]. Tricarbonyl rhenium complexes are of 
interest due to their photophysical and photochemical properties and for their use in 
the photoreduction and electro-reduction of CO2 to CO. The reaction of 2[(2-
methylthio)benzylideneimino]phenol (Hons) with  fac-[Re(CO)5Br] in toluene led to 
the isolation of the rhenium(I) product fac-[Re(CO)3(ons)(Hno)] (Hno = 2-
aminophenol).  The 2-aminophenol is coordinated as a monoanionic bidentate chelate 
via the neutral amino nitrogen and phenolate oxygen, while Hno acts as neutral 
monodentate ligand through the amino nitrogen atom (Figure 1.9) [47].  
 
Figure 1.9: Line structure of fac-[Re(CO)3(ons)(Hno)]. 
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1.5 The General Chemistry of Rhenium(V) 
Rhenium(V) compounds are generally stable and diamagnetic due to their spin-paired 
d2 configuration, and its complexes can form multiple bonds to oxygen, nitrogen and 
sulfur [48]. These complexes are octahedral of the type [ReOX5]2-, [ReOX4L]-, 
[ReOX3L2], [ReO2X4]3-, [ReO2L4]+, [(ReOX2L2)2O], [ReNX2L3] and [Re(NR)X3L2]. 
The classification of rhenium(V) complexes is based on  their various metal cores 
such as the nitrido [ReVN]2+[49], imido [ReVNR]3+[5], amido [MVNHR]4+[50],  oxo 
[ReVO]3+[51] and sulfido [ReVS]3+. The most commonly used approach for the 
synthesis of rhenium(V) complexes is the use of the precursors trans-[ReOX3(PPh3)2], 
trans-[ReO2(py)4]X (X = Cl, Br or I), (n-Bu4N)[ReOX4], cis-[ReO2I(PPh3)2] and 
[ReOCl3(Me2S)(OPPh3)] with suitable ligands which coordinate to the metal in 
suitable solvents.  
 
1.5.1 Rhenium(V) oxo core, [ReO]3+ 
 
(a) Oxidation  
 
Recent investigation proved that oxorhenium(V) complexes undergo direct oxidation 
reactions leading to perrhenate by fairly strong oxidants without forming any 
intermediates. The example of this oxidation reaction has been performed where 
[ReOCl4(H2O)]- in 10 M HCl is oxidized by NO2 to [ReO4]- as described in the 
reaction below [52]: 
 
 5[ReOCl4(H2O)]- + 2NO2-                      3[ReO4]- + 2[ReCl5(NO)]- + 10HCl 
 
(b) Reduction 
 
The mono-oxo rhenium(V) species (ReO3+) can be reduced by using mild reducing 
agents such as triphenylphosphine to give a mononuclear rhenium(III) complex, 
accompanied by the removal of the terminal oxide [53]. From this reaction octahedral 
complexes of rhenium(III) can be formed. This type of reaction is illustrated below: 
 
[ReVOCl3(PPh3)2]+ MeCN + PPh3                     [ReIIICl3(MeCN)(PPh3)2] + OPPh3 
 
Chapter 1                                                                                                G. Habarurema 
Nelson Mandela Metropolitan University                                                                 11	
 
(c) Disproportionation 
 
Oxorhenium(V) complexes can undergo disproportionation to rhenium(IV) and 
rhenium(VII) in aqueous medium. A typical example of this reaction is illustrated in 
the reaction where [ReOBr4]- undergoes disproportionation in hot water [54]:  
 
2[ReOBr4]- + 4H2O                  [ReO4]-   + [ReO2]   + 8HBr   
 
 
(d) Ligand substitution 
 
Most of oxorhenium(V) complexes are prepared from the trans-[ReOCl3(PPh3)2] 
precursor. The chloride atom trans to the oxo group and the triphenylphosphine ligand 
are easily substituted by incoming nucleophile ligands. These reactions are readily 
performed in the cold or on gentle warming in a suitable solvent as shown below 
[48,55]: 
 
trans-[ReVOCl3(PPh3)2] + 2PEt2Ph                          [ReVOCl3(PEt2Ph3)2] + 2PPh3 
 
trans-[ReVOCl3(PPh3)2] + 4py + H2O                        [ReVO2(py)4]Cl + 2HCl + 2PPh3                       
 
 
(e) Protonation of the terminal oxide 
 
Rhenium(V) forms trans-dioxo complexes which can lead to the formation of 
oxohydroxo complexes in acidic solutions. A typical example of this phenomenon is 
when [ReO2(en)2]+ (en = ethylenediamine) is protonated by 2M hydrochloric acid, 
giving a pink solution of [ReO(OH)(en)2]2+ [56].  
 
1.5.3 Coordination Chemistry of Rhenium(V) 
(a) Complexes with N,O-donor ligands 
The reaction of the potentially bidentate ligand 8-hydroxy-5-nitroquinoline (Hnq) 
with trans-[ReOCl3(PPh3)2] produced the complex [ReOCl2(nq)(PPh3)] (Figure 1.10), 
which in turn can be used to form a series of “2+3” complexes, by further reaction 
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with dianionic tridentate ligands to produce six-coordinated rhenium(V) complexes 
[57]. 
 
 
Figure 1.10: Structure of [ReOCl2(nq)(PPh3)]. 
 
(b) Complexes with N-donor ligands 
The oxorhenium(V) complex [ReO2(4-OMe-py)4]PF6 has been reported and showed 
coordination bonds via N-donor atoms of the 4-methoxypyridine ligand acting as 
monodentate chelating agents (see Figure 1.11).  
 
 
 
      Figure 1.11: Structure of [ReO2(4-OMe-py)4]PF6. 
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(c)     Rhenium(V) complexes with Schiff base ligands  
The oxorhenium(V) complex [ReO(pmp)Cl2] (see Figure 1.12) has been prepared 
from the reaction of (n-Bu4N)[ReOCl4] with the 2-(2(pyrazol-1-
yl)ethyliminomethyl)phenolate (Hpmp) ligand. The pyrazole-containing Schiff base 
ligand acts as a N2O-donor tridentate chelator binding to the rhenium(V). The reaction 
of this complex with bidentate dianionic substrates can lead to the complexes 
containing a mixture of N2O- or O,O-donor ligands [7]. 
 
 
Figure 1.12: Structure of [ReO(pmp)Cl2]. 
(d) Re(V)-imido complexes 
The reaction of the oxorhenium ([Re≡O]3+) core with aromatic amino ligands can lead 
to the formation of rhenium(V)-imido complexes. It has previously been shown that 
the condensation reaction of anthranilic acid with the trans-[ReOCl3(PPh3)2] led to the 
rhenium(V) organoimido chelating complex [Figure 1.13] [58].  
 
 
Figure 1.13: Structure of imido [ReCl(OEt)(PPh3)2(NC6H4CO2)]. 
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Chapter 2 
 
Materials and Experimental  
2.1 Handling of Rhenium  
 Rhenium occurs naturally as two non-radioactive isotopes, 185Re and 187Re, with a 
natural abundance of 37.4% and 62.6% respectively. The radioactive isotopes 186Re 
and 188Re are generated from the non-radioactive isotopes 185Re and 187Re 
respectively. The non-radioactive isotopes were used in this study and no special 
precautions were taken in the handling of rhenium.  
 
2.2 Materials  
2.2.1 Precursor compounds  
(a) Ammonium perrhenate  
The ammonium perrhentate (NH4)[ReO4] (99%) was obtained from Sigma-Aldrich 
and was used without further purification. 
(b) Rhenium pentacarbonyl chloride 
The rheniumpentacarbonyl chloride [Re(CO)5Cl] (98%) was obtained from Sigma-
Aldrich and was used without any further purification. 
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(c) trans-[ReOCl3(PPh3)2] [1,5]  
To a mixture of 0.9 g of (NH4)[ReO4] in 3 cm3 of concentrated hydrochloric acid was 
added 5.0 g of triphenylphosphine in 50 cm3 glacial acetic acid under nitrogen. A 
bright green precipitate was formed, filtered, washed with glacial acetic acid and 
diethyl ether, and dried under vacuum. Yield = 95%. Anal. Calcd. for 
C36H30P2OCl3Re (mol. wt. = 833.09 g/mol) (%): C, 51.90; H, 3.63; Cl, 12.95. Found: 
C, 51.92; H, 3.61; Cl, 12.87.  
(d) trans-[ReOBr3(PPh3)2] [1]  
 To a solution of 1.0 g of (NH4)[ReO4] in 3 cm3 concentrated hydrobromic acid was 
added 5.0 g of triphenylphosphine in 50 cm3 glacial acetic acid. The mixture was 
refluxed under nitrogen and resulted in the formation of a yellow precipitate. This 
precipitate was filtered, washed with glacial acetic acid and diethyl ether, and dried 
under vacuum. Yield = 91%. Anal. Calcd. for C36H30P2OBr3Re (mol.wt. = 966.49 
g/mol) (%): C, 44.74; H, 3.13; Br, 24.80. Found: C, 44.40; H, 3.11; Br, 24.20. 
(e) trans-[ReOI2(OEt)(PPh3)2] 
 
A mass of 5.0 g of triphenylphosphine in 30 cm3 ethanol was added to 1.0 g of 
(NH4)[ReO4] in 5 cm3 hydroiodic acid (56%). The resultant suspension was heated 
under reflux for 15 minutes. The solution was allowed to cool to room temperature, 
and the resultant green precipitate was filtered, washed with ethanol and diethyl ether, 
and dried under vacuum. Yield = 85%. Anal. Calcd. for C38H35I2O2P2Re (mol.wt. = 
1142.8 g/mol) (%): C, 44.50; H, 3.43; I, 24.75. Found: C, 44.72; H, 3.91; I, 25.17. 
(f) cis-[ReO2I(PPh3)2] [2]  
cis-[ReO2I(PPh3)2] was isolated from the reaction of 1.0 g of trans-
[ReOI2(OEt)(PPh3)2] in 50 cm3 of acetone and 2 cm3 of water, stirred at ambient 
temperature for an hour. The purple crystalline product which formed was filtered, 
washed with acetone and diethyl ether and dried under vacuum. Yield = 85%. Anal. 
Calcd. for C36H30IO2P2Re (mol.wt. = 869.68 g/mol) (%): C, 50.72; H, 3.47; I, 14.69. 
Found: C, 50.72; H, 3.46; I, 14.41. 
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2.2.2   General laboratory chemicals   
All solvents used were of analytical grade, and were purified by standard methods [4]. 
All common laboratory chemicals were of analytical grade and were used without 
further purification.  
 
2.3 Instrumentation   
The 1H NMR spectra of all ligands and their rhenium complexes were obtained at 300 
K by using a Bruker Avance III 400 MHz spectrometer. The peak positions were 
obtained with reference to SiMe4.  
The infrared spectra were recorded on Bruker platinum Tensor 27 ATR-IR 
spectrophotometer in the 4000-200 cm-1 range. 
A Perkin-Elmer 330 spectrophotometer was used to perform the optical spectral 
measurements. The concentration of the analyzed samples was 10-5 M. The extinction 
coefficients (ε) are given in dm3 mol-1cm-1.  
Emission spectra were obtained at room temperature using a Perkin-Elmer 330 LS45 
fluorescence spectrometer.  
Melting points were determined using a Stuart SMP 30 melting point apparatus with 
benzophenone as standard. 
Conductivity measurements were carried out at 293K on a Phillips PW 9509 digital 
conductometer. The measurements were compared to the expected ranges of the 
different electrolyte types [4]. 
The elemental analyses for carbon, hydrogen and nitrogen were performed by the 
Department of Chemistry at the Nelson Mandela Metropolitan University. 
A Bruker Kappa Apex II diffractometer in the conventional ω-2θ scan mode with 
graphite monochromated Mo-Kα radiation (λ = 0.71073 Å) was used for the crystal 
structure analysis. 
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 Chapter 3 
 
  Rhenium(I) and (III) Complexes Containing a           
    Pentadentate N3O2-donor Schiff Base Ligand    
 
 
3.1 Introduction 
 
Schiff bases (imines) are organic compounds containing an azomethine group 
(CH=N). These compounds are obtained from the condensation reaction of ketones or 
aldehydes with primary amines, where the electrophilic carbon atoms of aldehydes 
and ketones are targeted by nucleophilic attack of the amines.  This leads to the C=O 
double bond being replaced by a C=N double bond [1]. The experimental conditions 
generally involve acid or base catalysis, or heat. Currently, Schiff bases are being 
used as intermediates for the synthesis of ligands coordinating through the phenolic 
oxygen and the nitrogen atoms [2]. These compounds also find extensive use in 
different fields of chemistry, and have shown biological activities such as enzymatic 
activities and great therapeutic potential for cancer treatment [3,4]. They have also 
been reported to be useful ligands for rhenium radiopharmaceuticals due to their 
stabilizing donor atoms and attached pendant groups [5]. Scheme 3.1 shows a general 
reaction for the synthesis of Schiff base ligands. 
 
 
Scheme 3.1: General reaction pathway for the formation of the Schiff base moiety. 
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Schiff bases derived from pyridoxal and amino acids are also very important ligands 
from a biological point of view [6,7]. Mixed ligand complexes have been found to act 
as active catalysts in industrial reactions such as hydrogenation, hydroformylation, 
oxidative hydrolysis of olefins and carboxylation of methanol. These complexes have 
also shown catalytic activity in various oxidation reactions which are both 
environmentally and biologically significant [8-10]. 
In this chapter, the synthesis of the potentially pentadentate Schiff base ligand 2,6-
bis(2-hydroxyphenylimino)dimethylpyridine (H2hpp) is reported from the 
condensation reaction of 2,6-dicarbaldehydepyridine and 2-aminophenol. The 
particular interest of H2hpp as ligand is based on its pentadentate nature and 
coordination modes around the rhenium metal centre via its nitrogen and oxygen 
donor atoms. The reaction of H2hpp with cis-[ReO2I(PPh3)2] and trans-
[ReOCl3(PPh3)2] led to the isolation of the seven-coordinated Re(III) complex salts 
trans-[Re(hpp)(PPh3)2]I (1) and trans-[Re(hpp)(PPh3)2](ReO4) (2) respectively. In 
both compounds the ligand hpp coordinated as a pentadentate chelate through the 
phenolic oxygen and nitrogen atoms. From the reaction of H2hpp with fac-
[Re(CO)5Cl], the neutral complex fac-[Re(CO)3(H2hpp)Cl] (3) was obtained, in which 
H2hpp acted as a neutral bidentate N,N-donor ligand. 
 
3.2 Experimental 
3.2.1 Synthesis of 2,6-bis(2-hydroxyphenylimino)dimethylpyridine (H2hpp) 
A mixture of 0.50 g (3.70 mmol) of 2,6-dicarbaldehydepyridine and 0.81 g (6.63 
mmol) of 2-aminophenol were dissolved in 50 cm3 methanol. The yellow solution was 
refluxed for 4 hours. This solution was then allowed to cool to room temperature, and 
the resultant yellow precipitate was dried under vacuum. Yellow crystals suitable for 
X-ray analysis were obtained from the slow evaporation of the mother liquor after two 
days. Yield = 78 %. m.p. = 208 – 209˚C. Anal. Calcd. (%) for C19H15N3O2: C, 71.91; 
H, 4.76; N, 13.24. Found: C, 71.48; H, 4.72; N, 13.09. IR (vmax/cm-1): v(C=N) 1587, 
1623; v(O-H) 3332. 1H NMR (295K, ppm, CDCl3 (see Figure 3.4 for labelling)): 4.10, 
(br s, 2H, OH); 9.63 (br s, 2H, OH); 9.08 (s, 1H, CH=N); 9.04 (s, 1H, CH=N); 8.64 
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(d, 2H, H(6), H(8)); 7.85 (t, 1H, H(4), H(7)); 7.35 (d, 2H, H(4), H(10)); 7.21 (m, 2H, 
H(4), H(10)), 7.00 (d, 2H, H(1), H(13)); 6.92 (t, 2H, H(2), H(12)). 
 
3.2.2 Synthesis of trans-[Re(hhp)(PPh3)2]I (1) 
The complex salt was prepared from the reaction of cis-[ReO2I(PPh3)2] (100 mg, 115 
µmol) with H2hpp (73 mg, 223 µmol) in absolute ethanol. The mixture was then 
heated under reflux for two hours. The resulting brown solution was allowed to cool 
to room temperature and a brown precipitate was collected by filtration. The brown 
crystals were obtained from mother liquor after slow evaporation for 2 weeks. Yield = 
67 %. m.p. = 293-298˚C. Anal. Calcd. (%) for C55H43N3O2P2IRe.C2H8O2: C, 55.50; 
H, 4.71; N, 3.49. Found: C, 55.31; H, 4.71; N, 3.22. IR (νmax/cm-1): ν(C=N) 1589, 
1602; ν(Re-O, phenolic oxygen) 459, 487; ν(Re-N, heterocyclic nitrogen) 423; ν(Re-
N, free amino) 505, 526. 1H NMR (295K, ppm, CDCl3): 7.58 -7.63 (m, 32H, 
2xCH=N, PPh3); 7.52 (d, 2H, H(9), H(11)); 7.31 (t, 1H, H(10)); 7.15 (t, 2H, H(3), 
H(19)); 6.82-6.97 (m, 4H, H(6), H(4), H(18) H(16)); 6.45 (t, 2H, H(5), H(17)). UV-
Vis (DMF, λmax (ε, M-1cm-1)): 321 (3020), 425 (3410), 550 (1510). Conductivity 
(MeOH, 10-3 M) 143 ohm-1 cm2 mol-1. 
3.2.3 Synthesis of trans-[Re(hpp)(PPh3)2](ReO4) (2) 
A mixture of trans-[ReOCl3(PPh3)2] (100 mg, 120 µmol) and of 2,6-bis(2-
mercaptophenylamino)dimethylpyridine (H2hpp) (76 mg, 240 µmol) in 20 cm3 
ethanol was heated under reflux for 2 hours. The resulting brown solution was 
allowed to cool to room temperature, filtered and washed with diethyl ether and dried. 
Brown crystals were obtained from the filtrate after 2 months. Yield = 58 %. m.p. = 
298˚C. Anal. Calcd. (%) for C55H43N3O6P2Re2: C, 51.76; H, 3.40; N, 3.29. Found: C, 
51.48; H, 3.29; N, 3.16. IR (νmax/cm-1): ν(C=N) 1583, 1612; ν(Re-O, phenolic oxygen) 
454; ν(Re-O, perrhenate oxygen) 917, ν(Re-N, heterocyclic nitrogen) 432; ν(Re-N, 
free amino) 540, 580. 1H NMR (295K, ppm, CDCl3): 10.68 (s, 1H, H(13)) ; 10.41 (s, 
1H, H(7)); 7.43 – 7.79 (m, 30H, 2PPh3) ; 7.36–7.44 (m, 5H, H(5), H(9), H(10), H(11), 
H(15)); 6.48 – 6.64 (m, 6H, H(2), H(3), H(4), H(16), H(17), H(18)). UV-Vis (MeOH, 
(λmax, nm (ε, M-1cm-1)): 596 (1390); 316 (3320). Conductivity (MeOH, 10-3 M): 140 
ohm-1cm2 mol-1. 
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3.2.4 Synthesis of fac-[Re(CO)3(H2hpp)Cl] (3) 
A solution of H2hpp (175 mg, 553 μmol) in 10 cm3 of toluene was added to 
[Re(CO)5Cl] (100 mg, 277 μmol) in 10 cm3 of toluene. The reaction mixture was then 
refluxed for 3 hours under nitrogen, and allowed to cool to room temperature. An 
orange precipitate was obtained by filtration, which was washed with ethanol and 
diethyl ether. Recrystallization from dichloromethane/toluene (2:1) led to the 
formation of orange parallellograms suitable for X-ray analyses. Yield = 69%, m.p. = 
217 °C. Anal. Calcd. (%) for C22H15ClN3O5Re: C, 39.59; H, 2.27; N, 6.30. Found: C, 
39.16; H, 2.24; N, 6.58. IR (νmax/cm-1): ν(C=O) fac 2023, 1936, 1920; ν(C=N) 1621, 
1597; ν(Re-N) 473, 438; ν(Re-Cl) 264. 1H NMR (295K, ppm, CDCl3):10.63 (s, 1H, 
H(10)); 10.41 (s, 1H, H(16)); 9.39 (s, 2H, OH); 8.92 (dd, 1H, H(13)), 8.50 (d, 1H, 
H(9)), 8.1-8.15 (m, 2H, H(12), H(14)); 8.0 (d, 1H, H(6)); 7.60 (d, 1H, H(22)); 7.25 (q, 
2H, H(7), H(8)); 7.22 (d, 1H, H(19)); 6.98 (t, 1H, H(20)). UV-Vis (CH3CN, λmax (ε, 
M-1cm-1)): 383 (3590). Conductivity (MeOH, 10-3 M): 18 ohm-1cm2 mol-1. 
 
3.2.5 X-ray Crystallography 
X-ray diffraction studies were performed with a Bruker Kappa Apex II in the 
conventional ω-2θ scan mode with graphite monochromated Mo-Kα radiation (λ = 
0.71073 Å) [11]. All non-hydrogen atoms were refined anisotropically, and the 
hydrogen atoms were calculated in idealized geometrical positions. The data were 
corrected by a numerical absorption correction [12] after optimizing the crystal shape 
with X Shape [13]. Crystal data and crystal refinement details for H2hhp and 
compounds 1, 2, and 3 are given in Tables 3.3, 3.4, 3.5 and 3.6 respectively. Selected 
bond angles and lengths for these compounds are tabulated in Tables 3.7, 3.8, 3.9 and 
3.10 respectively. 
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3.3 Results and Discussion 
 
3.3.1 Synthesis and characterization of 2,6-bis(2-mercaptophenylamino)- 
dimethylpyridine (H2hpp) 
The Schiff base 2,6-bis(2-mercaptophenylamino)dimethylpyridine (H2hpp) was 
prepared from the condensation reaction of 2,6-dicarbaldehydepyridine and 2-
aminophenol [1] (Scheme 3.2). This compound can act as a neutral bidentate ligand 
via its two nitrogen atoms to form fac-[Re(H2hpp)(CO)3Cl] (3). It has also been used 
to form seven-coordinated rhenium(III) complexes, namely trans-
[Re(hpp)(PPh3)2]ReO4 and trans-[Re(hpp)(PPh3)2]I. H2hpp is soluble in a variety of 
solvents including ethanol, dichloromethane, acetone, acetonitrile, DMF and toluene. 
 
  
Scheme 3.2: Formation of H2hpp. 
 
The 1H NMR spectrum of the free H2hpp ligand (Figure 3.1) is dominated by two 
single peaks due to the protons on the azomethine groups found at 9.04 ppm and 8.64 
ppm. The aromatic region of the free ligand is characterized by different protons 
resonating at 4.10 (br, s, 2H, OH); 8.2 (d, 2H, H(6), H(8)); 7.85 (t, 1H, H(4), H(7)); 
7.35 (d, 2H, H(4), H(10)); 7.2 (m, 2H, H(4), H(10)), 7.0 (d, 2H, H(1), H(13)); 6.9 (t, 
2H, H(2), H(12)). 
The infrared spectrum of H2hpp, illustrated in Figure 3.2, is dominated by the 
stretching frequencies of C=N at 1587 and 1623 cm-1, and the phenolic stretching 
mode is found at 3332 cm-1. 
The main feature of the UV-Vis spectrum of H2hpp is the presence of two pi-pi 
interelectronic transition bands characterized by an absorption band at 365 nm and 
another at 470 nm (see Figure 3.3.)  
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Figure 3.1: 1H NMR spectrum of H2hpp in the aromatic region from 6.8 to 8.25 ppm. 
 
 
 
Figure 3.2: IR spectrum of H2hpp in the range 400-1625 cm-1. 
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Figure 3.3: UV-Vis spectrum for H2hpp. 
 
A perspective view of the asymmetric unit of H2hpp is shown in Figure 3.4. The 
pyridine nitrogen N(2), and the two azomethine groups C(1)=N(1) and  C(2)=N(3) are 
coplanar. The bond lengths of the later two bonds are both equal to 1.267(2) Å, 
confirming the presence of a double bond in both units. The H2hpp ligand displays 
bond angles around the nitrogen atoms C(1)-N(1)-C(11) and  C(2)-N(3)-C(31) of  
121.7(1)˚ and 122.6(1)˚ respectively, which are close to 120˚. These two bonds angles 
confirm that both nitrogen atoms are sp2 hybridized. The H2hpp ligand is highly 
symmetrical through N(2) of the pyridine ring, with the phenolic oxygen atoms O(1) 
and O(2) in trans, trans positions relative to the pyrdinic nitrogen atom (N2) .  
 
The packing diagram of the free H2hpp ligand in the unit cell is represented by a 
network of intermolecular hydrogen-bonds (Figures 3.5, 3.6 and Table 3.1). It is 
noticeable that only O(1), O(2), N(1) and N(3) of H2hpp are involved in hydrogen-
bond formation. The nitrogen atom N(2) of the heterocyclic pyridine ring in the 
H2hpp moiety is not involved in intermolecular hydrogen-bonding. The hydrogen 
atoms are strongly involved in the connection of molecules to other adjacent 
molecules via intermolecular hydrogen-bonds. The phenolic groups O(1)H and O(2)H 
are involved in intramolecular hydrogen-bonds with the imino nitrogen atoms N(1) 
and N(3) respectively. 
Wavelength (nm)
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Figure 3.4: An ORTEP view of H2hpp showing 50 % probability  
displacement ellipsoids and the atom labelling.  
 
 
 
Figure 3.5: Intermolecular interactions side-view between H2hpp molecules. 
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      Figure 3.6: Perspective view depicting the intersection of the planes through 
                                    the phenolic rings in the crystal structure of H2hpp. 
 
Table 3.1: Hydrogen-bond distances (Å) and bond angles (˚) in H2hpp.  
DH•••A D-H H•••A D•••A DH•••A 
O(1)H(1A)•••(N1) 
O(1)(H1A)•••O(1) 
O(2)(H2A)•••N(3) 
0.863(2) 
0.863(2)  
0.90(2)   
2.194(2) 
2.336(2) 
2.105(2) 
2.6799(2) 
3.0382(2) 
2.6235(2)     
115.4   
138.72 
115.9(1)    
 
 
3.3.2 Synthesis and characterization of trans-[Re(hpp)(PPh3)2]I (1) 
  
trans-[Re(hpp)(PPh3)2]I was synthesized from the reaction of cis-[ReO2I(PPh3)2] with 
H2hpp in a 1:2 molar ratio in boiling ethanol. The reaction is described by the 
equation: 
 
2cis-[ReO2I(PPh3)2] + 2H2hpp         trans-[Re(hpp)(PPh3)2]I + H[ReO4] + HI + 2PPh3 
 
The reaction mixture was subjected to heat for two hours leading to a seven-
coordinate rhenium(III) cation complex trans-[Re(hpp)(PPh3)2]+ and iodide as its 
counter-ion (Figure 3.7). For the synthesis of complex 1, a brown precipitate was 
formed on cooling the reaction solution to room temperature. Brown crystals were 
obtained from the mother liquor after slow evaporation for 2 weeks.  
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Figure 3.7: Line structure of compounds 1 and 2 without  
counter-ions (I- for 1 and ReO4- for 2). 
 
The 1H NMR spectrum of 1 showed poorly resolved broad peaks with paramagnetic 
shifts and line broadening of the signals. The spectrum mainly consists of the multiple 
peaks in the aromatic region. The region 7.63-7.58 integrates for 32 protons, which 
are evidence of the protons of the two triphenylphosphines groups. Compound 1 is 
stable in atmospheric air. It is highly soluble in dichloromethane, ethanol and DMF. 
 
In the infrared spectrum of complex 1 (Figure 3.8), the azomethine stretching 
frequencies [ν(C=N)] appear at 1589 and 1602 cm-1. The heterocyclic nitrogen ν(Re-
N) is found at 426 cm-1. The phenolic oxygen ν(Re-O) are found at 459 and 487 cm-1. 
The medium intensity peaks at 505 and 529 cm-1 are assigned to the Re-N(imine) 
stretching frequencies. 
 
The UV-Vis spectrum of 1 (Figure 3.9) in dichloromethane shows two ligand-to-
metal charge transfer bands at 321 and 425 nm, and one d-d transition band at 530 
nm. 
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Figure 3.8: IR spectrum of the complex 1. 
 
 
 
Figure 3.9: UV-Vis spectrum for the complex 1. 
 
Compound 1 is a unique type of seven-coordinated complex which resulted from the 
reduction reaction of Re(V) to Re(III). Coordination of H2hpp as a pentadentate 
chelate led to the formation of the complex salt trans-[Re(hpp)(PPh3)2]I. Numerous 
other  seven-coordinate rhenium(III) complexes have been discussed in the literature, 
which include [Re(terpy)2OH](SCN)2, obtained from the reaction of 2,2’,6’,6”-
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terpyridine (terpy) with [ReO2(py)4]+ [14]. The reduction of rhenium(V) led to a 
seven-coordinate compound [ReIII(PPh3)(mdt)] from the reaction of Hmdt (5-
methoxy-5,6-diphenyl-4,5-dihydro-2H-[1,2,4]-triazine-3-thione) with trans-
[ReOCl3(PPh3)2] or cis-[ReO2I(PPh3)2] [15]. Generally, most of the methods used for 
the preparation of rhenium(III) complexes are by the ligand substitution reactions of 
[ReX3(MeCN)(PPh3)2] [16-18]. 
The X-ray crystallographic analysis of 1 (Figure 3.10) illustrates that the equatorial 
plane is formed by the N3O2 donor atoms, and the rhenium (III) is centered in a 
distorted pentagonal bipyramid, with the two phosphorus atoms in trans axial 
positions. Selected bond distances and angles are given in Table 3.8. Distortion 
mainly results from the P(1)-Re-P(1a) axis of 172.69(2)˚, with bond angles P(1)-Re-
O(1) = 87.87(2)˚, P(1)-Re-O(2) = 87.81(1)˚, P(1)-Re-N(1) = 90.07(1)˚, P(1)-Re-N(2) 
= 93.47(1)˚ and P(1)-Re-N(3) = 92.20(2)˚.  
Compound 1 displays four bite angles described by the coordinated hpp ligand acting 
as a dianionic pentadentate chelate towards the rhenium metal atom: O(1)-Re(1)-N(1), 
73.9(1)˚; N(1)-Re(1)-N(2), 70.9(1)˚; N(2)-Re(1)-N(3), 71.0(2)˚ and N(3)-Re(1)-O(2), 
73.8(1)˚. All these bite angles form five-membered rings around the rhenium center, 
which may be crucial for pentadentate coordination of hpp. The Re-N(1), Re-N(2)  
and Re-N(3) bond lengths are 2.11(3), 2.08(3) and 2.11(3) Å respectively, and the 
respective Re-O(1) and Re-O(2) bond lengths are  2.061(2) and 2.085(2) Å. The 
observed range for rhenium(V)-imino nitrogen bond lengths are 2.03(1)-2.15(1) Å 
[22,23] and for Re(V)-O(phenolate) the observed range is 2.015(2)-2.097(5) Å [24]. 
The intraligand distances are all within the expected ranges, with the N(1)-C(1) 
[1.305(4) Å], N(1)-C(11) [1.422(4) Å], N(3)-C(31) [1.420(4) Å] and N(3)-C(2) 
[1.312(4) Å] showing that hhp is coordinated in the diimine form. The C(1)-N(1)-
C(11) bond angle of 120.0(3)˚ and the C(31)-N(3)-C(2) bond angle of 120.0(3)˚ 
confirm  that both N(1) and N(3) are sp2 hybridized.  
The molecular packing and intermolecular interactions in the crystal structure of 
compound 1 are shown in Figure 3.11. Its unit cell is dominated by the planes of 
phenyls rings in the asymmetric units.  
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Figure 3.10: An ORTEP view of complex 1 showing 40% probability displacement 
ellipsoids and the atom labelling, including the iodide counter-ion and 
the disordered ethanol. Hydrogen atoms were omitted for clarity. 
 
 
Figure 3.11: Packing diagram in the unit cell of complex 1 showing  
                      intermolecular interactions and iodide counter-ions. 
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3.3.3 Synthesis and characterization of trans-[Re(hpp)(PPh3)2](ReO4) (2) 
 
The reaction of trans-[ReOCl3(PPh3)2] with a twofold molar excess of H2hpp in 
ethanol gave complex salt 2, which contains the seven-coordinated rhenium(III) 
cation trans-[Re(hpp)(PPh3)2]+ with ReO4- as a counter-ion (Figure 3.14). This 
complex was the only isolated product and confirms that complex 2 is a product of a 
disproportionation reaction. The reaction of H2hpp with trans-[ReOCl3(PPh3)2] 
resulted in the reaction where rhenium(V) disproportionates into rhenium(III) and 
(VII). Complex 2 is stable in air and both complexes 1 and 2 are 1:1 electrolytes in 
acetonitrile. The solubility of 2 is low in most polar solvents. It is only soluble in 
CH3CN, DMF, dichloromethane and DMSO. The reaction is described by the 
equation: 
 
2[ReOCl3(PPh3)2] + 2H2hpp  + 2H2O           [Re(hpp)(PPh3)2](ReO4) + 6HCl + 2PPh3 
 
The 1H NMR spectrum of 2 shows poorly resolved broad signals and no sensible 
analysis could be done regarding the coordinated hpp ligand. 
 
In the IR spectrum of compound 2 (see Figure 3.12) the absorption band at 1583 cm-1 
is assigned to ν(C=N) and is at a lower frequency relative to that of the free H2hpp 
ligand which occurs at 1623 cm-1. The peak at 432 cm-1 is evidence of the ν(Re-N) 
stretching mode, typical of heterocyclic nitrogen-containing compounds, which is 
found within the range 410-480 cm-1. The ν(Re-O) of the phenolic oxygen is found at 
454 cm-1. A strong peak at 917 cm-1 indicates the presence of ν(ReVII=O) of the 
perrhenate counter-ion, and this peak is not found in the spectrum of compound 1. 
The observed range for Re-N stretching frequencies is 540-580 cm-1, and the ν(Re-N) 
is found at 528 cm-1. The bond frequencies in compound 2 are similar to those found 
in 1. These properties indicate that the two structures have the same structural 
environments on the two hydroxyphenyliminomethyl fractions of the coordinated hpp 
ligand in the complexes. 
The UV of complex 2 (Figure 3.13) shows ligand-to-metal charge transfer bands at 
316 and 440 nm, and one d-d transition at 596 nm. 
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       Figure 3.12: IR spectrum of H2hpp and complex 2 in the range 400-1700cm-1. 
 
 
 
 
Figure 3.13: UV-Vis spectra complex 2. 
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The bond parameters of compound 1 are not identical to those found in compound 2 
(Table 3.9). Thus the two structures are being discussed separately. This difference 
may be due to the presence of different counter-ions found in both structures and the 
effect of the disorder of the recrystallized ethanol solvent in compound 1. Another 
possible effect may be caused by the different hydrogen-bonds interactions formed by 
the perrhenate and iodide counter-ions. The oxorhenium(V) precursor compound 
disproportionated to produce Re(VII) and Re(III). The Re(VII)  in the structure is 
found as [ReO4]-, which serves as a counter-ion to the seven- coordinated cationic 
Re(III) complex cation.     
As in the structure of the compound 1 (Figure 3.10), an X-ray diffraction analysis of 2 
revealed that the complex is seven-coordinated (Figure 3.14). The equatorial plane in 
2 is the same as the one found in 1 and is formed by the N3O2 donor atoms. This plane 
presents a slight distortion with the bond angles close to orthogonality; P(1)-Re(1)-
N(1) 88.88(5)˚; P(2)-Re(1)-N(2) 96.94(5)˚; P(2)-Re(1)-N(3) 88.58(5)˚; P(2)-Re(1)-
O(1) 84.91(5)˚ and P(2)-Re(1)-O(2) 89.98(5)˚. Compound 2 displays a non-linear 
trans P(1)-Re(1)-P(2) angle of 173.16(2)˚.  The structure shows four bite angles 
described by the coordinated hpp ligand via its N,O-donor atoms: O(1)-Re(1)-N(1) 
74.31(6)˚; N(1)-Re(1)-N(2) 71.22(7)˚; N(2)-Re(1)-N(3) 71.31(7)˚ and N(3)-Re(1)-
O(2) 73.78(6)˚. Each angle forms a five membered-ring around rhenium. The Re-N(1) 
[2.113(2) Å] and Re-N(3) [2.109(2) Å] lengths are consistent with their amino 
character [19-33], and are identical to those found in 1. 
 
The Re-O bond lengths in both compounds 1 and 2 are slightly longer than the usual 
Re-O bond lengths. The Re(1)-O(1) [2.055(2) Å] and Re(1)-O(2) [2.093(2) Å] bond 
lengths in 2 are greater than normally found [1.87 – 1.97 Å]. The carbon-nitrogen 
double bond lengths of the coordinated ligand are 1.300(3) Å [C(1)-N(1)] and 
1.305(3) Å [C(2)-N(3)], and are within the range of typical HC=N bond lengths. The 
C(1)-N(1)-C(11) bond angle of 121.0(2)˚ and the C(31)-N(3)-C(2) bond angle of 
120.9(2)˚ are close to the 120˚ expected for  sp2 hybridized nitrogen atoms. The 
average Re=O distance of 1.717(4) Å is typical for Re=O bonds in the perrhenate ion 
[24].  
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Figure 3.14: An ORTEP view of complex 2 showing 40% probability displacement  
 ellipsoids and the atom labelling including the perrhenate  
    counter-ion. Hydrogen atoms were omitted for clarity. 
 
The packing diagram of the molecules in the unit cell of 2 (Figure 3.15) is 
complemented by different molecular interactions involving the phenolic oxygens, 
perrhenate oxygens and nitrogen atoms with various C-H hydrogens. The oxygen 
atoms of the perrhenate counter-ion are involved in a series of interactions. O(5) 
interacts with C(1)H(1) [3.281(4) Å] and C(75) H(75) [3.270(4) Å], while O(1) of the 
ligand forms interactions with C(66)(H66) [2.904(3) Å], C(82)-H(82) [2.916(3) Å] 
and C(82)H(82) [3.198(3) Å].  Only one nitrogen atom, N(1) of the ligand, interacts 
with the hydrogen atom C(76)H(76) [3.222(3) Å]. O(4) of the perrhenate counter-ion 
is only involved in one molecular interaction with hydrogen [C(2)-(H2) 3.084(4) Å]. 
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Figure 3.15: Packing diagram in the unit cell of complex 2 showing the 
                           perhenate counter-ions in the center of the unit cell.  
 
3.3.3 Synthesis and characterization of fac-[Re(CO)3(H2hpp)Cl] (3) 
The reaction mixture of H2hpp with fac-[Re(CO)5Cl] in refluxing toluene gave the 
rhenium(I) complex 3 (Figure 3.16) as described by the equation:  
fac-[Re(CO)5Cl]  + H2hpp                           fac-[Re(CO)3(H2hpp)Cl] + 2CO 
For compound 3, an orange precipitate was formed on cooling the reaction solution to 
room temperature. Recrystalization from dichloromethane/toluene (2:1) led to the 
formation of orange parallellograms. An X-ray diffraction analysis of this product 
showed that it consists of a six-coordinated complex. The octahedral geometry is 
slightly distorted. The potentially pentadentate H2hpp ligand acted as a neutral 
bidentate N,N-donor chelate in the complex with two uncoordinated phenolic oxygens 
and a free imino nitrogen. 
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Figure 3.16: Line structure of complex 3. 
Complex 3 is air stable and is a non-electrolyte in methanol. It is soluble in acetone, 
acetonitrile, DMF, dichloromethane and DMSO, and insoluble in alcohols. 
The 1H NMR spectrum of 3 shows two singlets at 10.63 and 10.41 ppm, assigned to 
the azomethine protons H(1) and H(2) (see Figure 3.17 for labelling). The aromatic 
region from 6.98 to 9.02 ppm integrates for the 11 protons of the aromatic rings (see 
Figure 3.17 and paragraph 3.2.4 for labelling).  
The infrared spectrum of 3 (Figure 3.18) is dominated by a sharp, strong band at 2023 
cm-1, and broad intense bands containing two overlapping peaks at 1936 and 1920 cm-
1, all attributed to ν(C≡O) of the fac-[Re(CO)3]+ unit. Two medium intensity peaks at 
438 and 473 cm-1 are assigned to Re-N(1) and Re-N(3) bond respectively. The two 
peaks at 1597 and 1621 cm-1 are due to the ν(C=N) of the Schiff base of the 
coordinated imino unit. The peaks at 3319 and 3431 cm-1 are due to the stretching 
energies of the free O-H groups of the coordinated H2hpp ligand. 
The UV-Visible spectrum of 3 (Figure 3.19) shows two absorption bands found at 326 
and 396 nm. These bands are assigned to intraligand π → π* transitions of the 
coordinated H2hpp. There are no d-d electronic transitions observable in the oxidation 
state +I (d6) due to its thermodynamic stability.       
The UV-emission spectrum (λex = 287 nm) of complex 3 in dichloromethane at room 
temperature displayed the maximum broad band at 364 nm (Figure 3.20). This 
emission may be due to ligand-centred π* → π relaxations [28]. 
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The X-ray crystallographic analysis of 3 shows that the complex is dominated by the 
fac-[Re(CO)3]+ core in a distorted octahedral geometry (Figure 3.21), with three 
carbonyl donors in a facial orientation, the neutral imino nitrogen N(1), the pyridinic 
nitrogen N(3) and a chloride occupying the coordination sites.  
 
Figure 3.17: 1H NMR spectrum of the aromatic region of 3. 
 
 
Figure 3.18: IR spectrum of the complex 3 in the range 400-2100 cm-1. 
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Figure 3.19: UV-Vis spectra 3. 
 
 
Figure 3.20: UV- Emission spectra of 3. 
A perspective view of the asymmetric unit of 3 is shown in Figure 3.21. The basal 
plane is defined by nitrogens [N(2) and N(3)] and the two carbon atoms [C(4) and 
C(5)] of the carbonyl groups. The apical positions are occupied by the chloride Cl(1) 
and C(3) of a carbon monoxide ligand. The ligand H2hpp acts as a neutral bidentate 
chelate. The octahedral geometry of 3 is slightly distorted with bond angles close to 
orthogonality: the C(3)-Re(1)-C(4), C(3)-Re(1)-C(5), N(2)-Re(1)-C(3)  and N(3)-
Re(1)-C(3)  angles are 92.0(1)˚, 89.9(1)˚, 94.5(1)˚ and 93.5(1)˚ respectively (Table 
3.10). This distortion causes the trans bond to be non-linear [C(3)-Re(1)-Cl(1) 
177.47(9)˚]. Such distortion is mainly due to the constraints imposed by the bidentate 
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coordinated H2hhp ligand. There is one bite angle via N(2) and N(3) around 
rhenium(I) [N(2)-Re(1)-N(3) 74.73(8)˚], leading to two unequal and non-linear trans 
angles N(2)-Re-C(5) = 168.3(1)˚ and N(3)-Re-C(4) = 174.3(1)˚. The carbon-nitrogen 
double bond lengths N(3)-C(2) 1.285(4) Å and N(1)-C(1) 1.270(4) Å are found within 
the range typical of HC=N bond lengths. The C(1)-N(1)-C(11) bond angle of 
122.1(3)˚ and the C(2)-N(3)-C(31) angle of 118.9(2)˚ are close to that expected for  
sp2 (120˚) hybridized nitrogen atoms. The Re-CO bond lengths [average of 1.92(7) Å] 
fall in the range observed [1.900(2)-1.928(2) Å] [27,29]. The Re(1)-Cl(1) bond length 
of 2.4795(7) Å falls out of the expected range for the Re-Cl which is [2.34-2.44 Å]. 
The Re-N(2) bond length of [2.247(2) Å] is larger than the Re-N(3) one [ 2.168(2) Å], 
and the two bond lengths fall in the typical range for Re-N bonds [30-32].  
 
Figure 3.21: An ORTEP view of 3, with thermal ellipsoids shown at 40% 
probability. Hydrogen atoms have omitted for clarity. 
 
The crystal structure of 3 shows the presence of both coordinated and free phenolic 
and imino groups in the ligand. This coordination mode of H2hpp could be used for 
the synthesis of new rhenium(I) and technetium(I) radiopharmaceuticals, where the 
donor atoms of the uncoordinated part of the ligand may be responsible for providing 
different biological activities than those of the coordinated part. Tridentate 
coordination of H2hpp could have led to the formation of the neutral fac-
[Re(CO)3(H2hpp)]Cl. 
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A representation of the crystal structure of 3 is shown in Figure 3.22, and it illustrates 
that there is a network of hydrogen-bonding in the asymmetric units (Table 3.2). 
There are hydrogen-bonds between the free phenolic oxygen and nitrogen atoms of 
the molecules: O(1)H(1A)•••N(1) = 2.669(3) Å, O(2)(H2A)•••N(3) = 2.952(3) Å, 
O(2)H(2A)•••O(1) = 2.731(3) Å. There is also one hydrogen-bond between the free 
phenolic hydrogen and the chloride atom [O(1)(H1A)•••Cl(1) = 3.093(2) Å]. 
 
Figure 3.22: Packing diagram in the unit cell of complex 3 showing the 
inter-hydrogen bonding in the unit cell. 
 
 
Table 3.2: Hydrogen-bond distances (Å) and bond angles (˚) for complex 3. 
DH•••A D-H H•••A D•••A DH•••A 
O(1)H(1A)•••N(1) 
O(1)(H1A)•••Cl(1) 
O(2)(H2A)•••N(3) 
O(2)H(2A)•••O(1) 
0.8400   
0.8400 
0.8400 
0.8400          
2.1900  
2.4900   
2.5400  
1.9800         
2.669(3)  
3.093(2)  
2.952(3) 
2.731(3)           
116.00 
130.00    
111.00   
148.00     
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Table 3.3: Crystal and structure refinement data for H2hpp. 
Chemical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
Unit cell dimensions (Å, ˚) 
 
 
Crystal size [mm] 
V(Å3) 
Z 
Density (calc.) (g/m3) 
Absorption coefficient (mm-1) 
F (000) 
θ range for data collection (deg) 
Index ranges 
Reflections measured 
Independent/observed reflections 
Data/parameters 
Goodness-of-fit on F2 
R, wR2 
Largest diff. peak and hole (e/Å3) 
C19H15N3O2 
317.34 
200  
Monoclinic 
P21/c 
a = 12.9627(3)                     
b = 4.6194(1)                 β = 104.756(1) 
c = 27.1754(7)                     
0.06 x 0.11 x 0.53  
1573.59(6) 
4 
1.339   
0.089 
664 
2.5-28.3 
 -17≤h≤17; -5≤k≤6; -36≤l≤35 
14669 
3890/2722 
3890/221  
1.01 
0.0412, 0.1069 
0.21, -0.21  
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Table 3.4: Crystal data and structure refinement data for complex 1. 
Chemical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
Unit cell dimensions (Å, ˚) 
 
 
Crystal size [mm] 
V (Å3) 
Z 
Density (calc.) (g/m3) 
Absorption coefficient (mm-1) 
F(000) 
θ range for data collection (deg) 
Index ranges 
Reflections measured 
Independent/observed reflections 
Data/parameters 
Goodness-of-fit on F2 
R, wR2 
Largest diff. peak and hole (e/Å3) 
2(C55H43N3O2 P2 Re)I. C2 H8O2 
2370.03   
200  
Orthorhombic  
Pnma  
a = 20.4989(4) 
b = 14.2926(4) 
c = 16.9912(4) 
0.14 x  0.19 x  0.49   
4978.1(2) 
2 
1.388 
3.172 
2344 
2.3-28.3   
-19≤h≤27; -18≤k≤19; -22≤l≤22 
40828 
6423/ 5448  
6423/349  
1.11 
0.0204, 0.0526 
1.86, -0.94 
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Table 3.5: Crystal data and structure refinement data for complex 2. 
Chemical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
Unit cell dimensions (Å, ˚) 
 
 
Crystal size [mm] 
V (Å3) 
Z 
Density (calc.) (g/m3) 
Absorption coefficient (mm-1) 
F (000) 
θ range for data collection (deg) 
Index ranges 
Reflections measured 
Independent/observed reflections 
Data/parameters 
Goodness-of-fit on F2 
R, wR2 
Largest diff. peak and hole (e/Å3) 
[C55H43N3O2P2Re](ReO4)   
1276.28   
200  
Triclinic  
P-1  
a = 10.2282(3)              α = 75.627(1)     
b = 12.4083(3)              β = 78.383(1)     
c = 18.7398(4)              γ = 68.976(1)   
0.08 x 0.37 x 0.44   
2328.58(9)   
2 
1.820   
 5.319   
1244 
 2.2-28.8   
-14≤h≤15; -16≤k≤16; -25≤l≤25   
 85465 
12017/11048 
12017/613  
1.07 
0.0175, 0.0389 
1.40, -1.78 
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Table 3.6: Crystal data and structure refinement data for complex 3. 
Chemical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
Unit cell dimensions (Å, ˚) 
 
 
Crystal size [mm] 
V(Å3) 
Z 
Density (calc.) (g/m3) 
Absorption coefficient (mm-1) 
F (000) 
θ range for data collection (deg) 
Index ranges 
Reflections measured 
Independent/observed reflections 
Data/parameters 
Goodness-of-fit on F2 
R, wR2 
Largest diff. peak and hole (e/Å3) 
C22H15ClN3O5Re   
623.03   
200  
Monoclinic  
P21/c         
a = 13.1731(4)                
b = 10.6615(3)              β = 112.546(1)    
c = 16.7609(5)                 
0.08 x  0.18 x  0.30   
2174.08(11) 
4 
1.903   
5.752   
1200 
 2.3- 27.5   
-17≤h≤15; -13≤k≤13; -18≤l≤21   
 23177 
4972/ 4338  
4972/ 291   
1.15   
0.0177, 0.0382 
1.47, -1.07  
 
 
 
Chapter 3                                                                                                G. Habarurema 
Nelson Mandela Metropolitan University                                                                 52	
 
Table 3.7: Selected bond lengths (Å) and bond angles (˚) for H2hpp.   
                                                Bond lengths 
O(1)-C(12) 
O(2)-C(32) 
N(1)-C(11) 
N(1)-C(1) 
C(1)-C(21) 
1.361(2)     
1.364(2) 
1.409(2) 
1.268(2) 
1.463(2) 
N(2)-C(25) 
N(2)-C(21) 
N(3)-C(31)  
N(3)-C(2) 
C(2)-C(25)              
       1.342(2)  
       1.343(2)   
       1.413(2)   
       1.267(2)  
       1.468(2) 
                                              Bond angles 
C(1)-N(1)-C(11) 
C(2)-N(3)-C(31) 
N(3)-C(2)-C(25) 
N(1)-C(11)-C(12) 
O(1)-C(12)-C(13) 
C(2)-C(25)-C(24) 
N(3)-C(31)-C(32) 
O(2)-C(32)-C(31) 
121.7(1) 
122.6 (1) 
122.0(1) 
114.8(1) 
119.1(1) 
122.0(1) 
113.8(1) 
118.9(1)   
C(21)-N(2)-C(25) 
N(1)-C(1)-C(21) 
N(1)-C(11)-C(16) 
O(1)-C(12)-C(11) 
N(2)-C(25)-C(24) 
N(2)-C(25)-C(2) 
C(31)-C(32)-C(33) 
O(2)-C(32)-C(33) 
      117.7(1) 
       121.3(1) 
       126.6(1) 
       120.4(1) 
       122.7(1) 
       115.2(1) 
       121.2(1)  
       119.9(1)       
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Table 3.8: Selected bond lengths (Å) and bond angles (˚) for complex 1. 
                                                      Bond lengths 
Re(1)-P(1) 
Re(1)-O(1)          
Re(1)-O(2)          
Re(1)-N(1)  
Re(1)-N(2)  
Re(1)-N(3) 
2.4619(6)      
2.061(2) 
2.085(2)      
2.109(3)      
2.081(3) 
2.110(3) 
N(1)-C(1)          
N(2)-C(11) 
N(2)-C(25)  
N(2)-C(21) 
N(3)-C(31) 
N(3)-C(2)   
       1.305(4)      
       1.422(4) 
       1.373(4)      
       1.378(4)      
       1.420(4)  
       1.312(4)      
                                                      Bond angles 
P(1)-Re(1)-O(1)          
P(1)-Re(1)-O(2)          
P(1)-Re(1)-N(1)          
P(1)-Re(1)-N(2)          
P(1)-Re(1)-N(3) 
P(1)-Re(1)-P(1i)         
O(1)-Re(1)-O(2) 
O(1)-Re(1)-N(1) 
N(1)-Re(1)-N(3) 
N(2)-Re(1)-N(3) 
P(1i)-Re(1)-N(3)  
Re(1)-N(1)-C(1) 
C(2)-N(3)-C(31)             
86.51(1) 
87.81(1)    
90.07(1)    
93.47(1)    
92.20(2)    
172.69(2) 
70.35(9) 
73.9(1)  
142.0(1) 
71.1(1)  
92.20(2) 
122.3(2) 
120.0(3)        
O(1)-Re(1)-N(2) 
O(1)-Re(1)-N(3)       
P(1i)-Re(1)-O(1)         
O(2)-Re(1)-N(1)       
O(2)-Re(1)-N(2)       
O(2)-Re(1)-N(3)        
P(1i)-Re(1)-O(2)         
N(1)-Re(1)-N(2) 
P(1i)-Re(1)-N(1) 
P(1i)-Re(1)-N(2) 
Re(1)-N(1)-C(11) 
C(1)-N(1)-C(11)        
Re(1)-N(3)-C(31)       
 144.8(1)    
144.1(1)    
86.5(1)    
144.2(1) 
144.9(1) 
73.8(1)      
87.81(1) 
70.9(1) 
90.07(1) 
93.47(1) 
117.8(2)      
120.0(3) 
118.1(2) 
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Table 3.9: Selected bond lengths (Å) and bond angles (˚) for complex 2. 
                                                      Bond lengths 
Re(1)-O(1) 
Re(1)-N(1) 
Re(1)-N(3) 
N(1)-C(1) 
N(3)-C(2) 
N(2)-C(21)  
O(1)-C(12) 
N(1)-C(1)        
2.055(2) 
2.112(2)  
2.109(2) 
1.300(3) 
1.305(3) 
1.373(3) 
1.320(3)   
1.300(3)      
Re(1)-O(2) 
Re(1)-N(2) 
Re(1)-P(1) 
N(1)-C(11) 
N(3)-C(31) 
N(2)-C(25) 
Re(2)-O(23) 
N(3)-C(2) 
2.093(2) 
2.080(2) 
2.462(6) 
1.425(3) 
1.416(3) 
1.376(3)   
1.719(2) 
1.305(3)     
                                                       Bond angles 
P(1)-Re(1)-P(2) 
P(1)-Re(1)-O(2) 
P(1)-Re(1)-N(2) 
P(2)-Re(1)-O(1) 
P(2)-Re(1)-N(1) 
P(2)-Re(1)-N(3) 
O(1)-Re(1)-N(1) 
O(2)-Re(1)-N(2) 
N(1)-Re(1)-N(2) 
N(2)-Re(1)-N(3) 
C(1)-N(1)-C(11)               
173.16(2) 
84.96(5) 
89.84(5) 
84.91(5) 
92.51(5)  
88.58(5) 
74.31(6) 
144.16(7) 
71.22(7) 
71.31(7)  
121.0(2) 
P(1)-Re(1)-O(1) 
P(1)-Re(1)-N(1) 
P(1)-Re(1)-N(3) 
P(2)-Re(1)-O(2) 
P(2)-Re(1)-N(2) 
O(1)-Re(1)-O(2)  
O(1)-Re(1)-N(2) 
O(2)-Re(1)-N(3)  
N(1)-Re(1)-N(3) 
C(2)-N(3)-C(31) 
C(21)-N(2)-C(25)      
89.03(5) 
88.88(5)  
94.41(5)  
89.98(5)  
96.94(5) 
69.96(6) 
145.52(7) 
73.78(6)  
 142.36(6) 
120.9(2) 
116.6(2) 
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Table 3.10: Selected bond lengths (Å) and bond angles (˚) for complex 3. 
                                                   Bond lengths 
Re(1)-Cl(1) 
Re(1)-N(3)  
Re(1)-C(4) 
O(3)-C(3)   
O(5)-C(5) 
N(2)-C(25) 
N(3)-C(2)                    
2.4795(7)  
2.168(2) 
1.925(3) 
1.142(4) 
1.146(4) 
1.365(3)  
1.285(4)                   
Re(1)-N(2) 
Re(1)-C(3) 
Re(1)-C(5) 
O(4)-C(4) 
N(1)-C(1) 
N(2)-C(21) 
N(3)-C(31)                
2.247(2) 
1.910(3) 
1.916(3) 
1.148(4) 
1.270(4) 
1.352(3) 
1.441(3)      
                                                   Bond angles         
 Cl(1)-Re(1)-N(2) 
Cl(1)-Re(1)-C(3)  
Cl(1)-Re(1)-C(5) 
N(2)-Re(1)-C(3)   
N(2)-Re(1)-C(5) 
N(3)-Re(1)-C(4)  
C(3)-Re(1)-C(4) 
C(4)-Re(1)-C(5) 
C(2)-N(3)-C(31) 
Re(1)-C(4)-O(4)          
83.39(6)  
177.47(9) 
91.90(9) 
94.5(1) 
168.3(1) 
174.3(1) 
92.0(1) 
87.6(1)  
118.9(2)   
177.5(3)      
Cl(1)-Re(1)-N(3) 
Cl(1)-Re(1)-C(4)  
N(2)-Re(1)-N(3) 
N(2)-Re(1)-C(4) 
N(3)-Re(1)-C(3) 
N(3)-Re(1)-C(5) 
C(3)-Re(1)-C(5) 
C(1)-N(1)-C(11) 
Re(1)-C(3)-O(3) 
Re(1)-C(5)-O(5)        
 84.61(6)  
 89.89(9)  
74.73(8) 
103.1(1)  
93.5(1) 
94. 2(1) 
89.9 (1) 
122.1(3) 
178.8(2) 
178.3(3)        
 
Chapter 4                                                                                                G. Habarurema 
Nelson Mandela Metropolitan University                                                                 56	
 
  Chapter 4 
 
      Rhenium(I), (IV) and (V) Complexes of      
                   Tridentate Schiff bases  
 
4.1 Introduction 
Schiff bases have been used extensively as ligands in the coordination chemistry of 
metals. Their complexes are important for bioinorganic chemistry, biomedical 
applications, supramolecular chemistry, catalysis, material science, separation, 
encapsulation processes, and formation of compounds with unusual properties and 
structures [1]. Schiff bases of salicylaldehydes have been reported as plant growth 
regulators [2] and antimicrobian or antimycotic activity [3].  
Similar to the previous chapter, the classical method was performed for the synthesis 
of imines from the condensation reaction of primary amines with aldehydes [2]. The 
reaction of imine formation is reversible and it is usually advisable to remove the 
water formed by distillation or by using an azeotrope forming solvent [5,6]. This 
method has been applied successfully to the synthesis of a tetradentate Schiff base 
ligand N,N´-o-phenylene-bis(salicylaldimine) (H2salphen) (Figure 4.1a) and two 
tridentate Schiff bases ligands 2-((Z)-(2-aminophenylimino)methyl)phenol (H3aphsal) 
(Figure 4.1b) and 2-((Z)-(2-aminoethylimino)methyl)phenol (H3amphol) (Figure 4.1c)  
[7].  
 
       Figure 4.1: Line structures of H2salphen (a), H3aphsal (b) and H3amphol (c).   
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Recent studies showed that in most rhenium complexes isolated, the H2salphen ligand 
was fragmented, where one salicylaldehyde unit was cleaved and the imine nitrogen 
had been reduced to an amine yielding a coordinated imido group with the [Re=N-
R]3+ core [8]. Radiopharmaceuticals of rhenium(V)-imido complexes have been 
extensively investigated due to their possible therapeutic applications in nuclear 
medicine [9]. Their biological properties can be adjusted by the variation of the imido 
core’s R substituent [10]. The bonding between the metal and imido ligands consists 
of one sigma and two pi bonds, and can adopt different geometries as shown in Figure 
4.2 [11–13]. The structures below are different hybridization forms described by the 
rhenium(V)-organoimido moiety: 
 
 
Figure 4.2: Line structures of the organoimido moiety. 
Structures (a) and (b) contain double bonds. Structure (a) is a terminal bent imido with 
the sp2-hybridization on nitrogen acting as a 2-electron donor to the metal, while 
structure (b) is a terminal linear imido with sp2 hybridization on nitrogen acting as a 
2-electron donor in which the lone pairs are centered around the nitrogen [14]. 
Structure (c) is a linear imido with a triple bond and is a sp-hybridized nitrogen acting 
as a 4-electron donor with one lone pair on the nitrogen being donated into a π-
acceptor orbital of the metal [15]. 
This chapter reports the synthesis of rhenium(V)-imido complexes of the cis-
[ReX2(aphsal)(PPh3)] type with a phenolate oxygen atom trans to the imido group in 
distorted octahedral geometries. The reaction of the trans-[ReOBr3(PPh3)2] with the 
potentially tetradentate Schiff base ligand N,N'-(o-phenylene)bis(salicylideneamine) 
(H2salphen) in boiling acetonitrile led to the formation of the distorted octahedral 
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complex cis-[ReBr2(aphsal)(PPh3)].2CH3CN (1), while with H3aphsal in toluene the 
reaction conveyed to an unusual compound made of two independent and identical 
complexes, trans-[{[ReBr(aphsal)(PPh3)2]Br}{[ReBr(aphsal)(PPh3)2](ReO4)}] (2). In 
an effort to synthesize a rhenium(V)-imido complex, the reaction of this ligand acted 
as a dianionic tridentate chelate coordinating through the imido nitrogen and 
phenolate oxygen atoms. The reaction of the potentially tridentate ligand 2-((Z)-(2-
aminoethylimino)methyl)phenol (H3amphol) with [Re(CO)5Cl] in toluene under 
nitrogen produced fac-[Re(CO)3(H2amphol)] (3). The reaction of H2salphen with 
trans-[ReOCl3(PPh3)2] in boiling ethanol resulted in the formation of the distorted six-
coordinated compound cis-[ReCl2(ophsal)(PPh3)] (4) in which H2salphen was 
fragmented yielding a coordinated ophsal-2.  
  
4.2 Experimental 
 
4.2.1 Synthesis of (Z)-(2-aminophenylimino)methyl)phenol (H3aphsal) 
 
A mass of 1.8 g of o-phenylenediamine (16.6 mmol) in 20 cm3 of methanol was added 
to 2.03 g of salicylaldehyde (16.6 mmol) in 30 cm3 of methanol. The yellow solution 
obtained was heated under reflux conditions for 4 hours. The solvent was removed 
under vacuum filtration to produce a yellow precipitate, which was dried under 
vacuum. Yield = 60 %, m.p. = 69 °C. Anal. Calcd. (%) for C13H12N2O: C, 56.76; H, 
3.40; N, 3.29. Found: C, 57.18; H, 3.99; N, 3.16. IR (νmax/cm-1): ν(C=N) 1609; ν(O-H) 
3335. 1H NMR (295 K, ppm, CDCl3) 13.05 (br s, 1H, H(6)); 8.61 (br s, 1H, OH); 7.40 
(t, 2H, H(2), H(3)); 7.27 (d, 1H, H(4)); 7.08 (d, 1H, H(11)); 6.91 (d, 1H, H(10)); 6.84 
(d, 1H, H(8)); 6.75 (t, 1H, H(9)); 4.69 (br s, 2H, NH2). UV-Vis (DMF, λmax (ε, M-1 
cm-1)): 231 (16100), 257 (13100), 318 (4500).  
 
4.2.2 Synthesis of 2-((Z)-(2-aminoethylimino)methyl)phenol (H3amphol) 
 
A mass of 3.0 g of 1,2-diaminoethane (50.1 mmol) in 20 cm3 of methanol was added 
to 6.1 g of salicylaldehyde (50.1 mmol) in 30 cm3 of methanol giving a yellow 
solution, which was heated at reflux under nitrogen for 3 hours. The solvent was 
removed under vacuum filtration to produce a yellow precipitate, which was dried 
under vacuum. Yield = 95 %, m.p. = 64 °C. Anal. Calcd. (%) for C9H12N2O: C, 65.91; 
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H, 7.37; N, 17.08. Found: C, 67.30; H, 6.21; N, 16.49. IR (νmax/cm-1): ν(C=N) 1610; 
ν(O-H) 3398; ν(N-H) 3168. 1H NMR (295K, ppm, CDCl3) 13.05 (br, s, 1H, H(6)); 
8.41 (br s, 1H, OH); 7.35 (t, 1H, H(9)); 7.25 (d, 1H, H(7)); 3.96 (t, 2H, CH2); 3.81 (t, 
2H, CH2); 2.75 (br s, 2H, NH2). UV-Vis (DMF, λmax (ε, M-1 cm-1)): 324 (9180). 
 
4.2.3 Synthesis of N,N'-(o-phenylene)-bis(salicylideneamine) (H2salphen) 
A mass of 2.5 g of 1,2-diaminobenzene (72.9 mmol) was dissolved in 50 cm3 of 
methanol and 0.23 g of salicylaldehyde (1.87 mmol) was added. The mixture was 
refluxed for 2 hours, after which an orange solution was obtained. The final solution 
was cooled to room temperature and vacuum filtered, washed with cold methanol and 
dried. The orange crystals were obtained from the filtrate after three days. Yield = 78 
%, m. p. = 157–189 ˚C. Anal. Calcd. (%) for C20H16N2O2: C, 51.75; H, 3.53; N, 3.37. 
Found: C, 51.66; H, 3.59; N, 3.23. IR (νmax/cm-1): ν(C=N) 1598, 1610. 1H NMR 
(295K, ppm, CDCl3): 12.98 (s, 1H, HC=N), 10.97 (s, 1H, HC=N), 9.84 (br s, 2H, 
OH); 6.98 (d, 2H, H(2), H(12)); 6.84 (d, 2H, H(1), H(13)); 7.33 (m, 2H, H(5), H(10)); 
7.50 (dd, 2H, H(4), H(11)); 7.36 (m, 2H, H(7), H(8)); 7.15 (m, 2H, H(6), H(9)). UV-
Vis (DMF, λmax (ε, M-1 cm-1)): 334 (5510). 
 
4.2.4 Synthesis of cis-[ReBr2(aphsal)(PPh3)].2CH3CN (1) 
 
A mixture of trans-[ReOBr3(PPh3)2] (100 mg, 103 μmol) and H2salphen (65 mg, 206 
μmol) was heated under reflux in 20 cm3 of acetonitrile for 2 hours. After the solution 
was cooled to room temperature, a brown precipitate was removed by filtration, which 
was washed with acetonitrile and diethyl ether. The brown crystals that are suitable 
for X-ray analysis were obtained after 3 days from the slow evaporation of the mother 
liquor. Yield = 74 %, m.p. 171 – 175 °C. Anal. Calcd. (%) for 
C31H24Br2NO2PRe.2(C2H3N): C, 45.5; H, 2.96; N, 3.47. Found: C, 45.66; H, 3.09; N, 
3.23. IR (νmax/cm-1): ν(Re=N) 1095; ν(C=N) 1610; ν(Re-N) 517. 1H NMR (295K, 
ppm, CDCl3): 8.91 (s, 1H, H(7)), 7.40-7.65 (m, 16H, PPh3, H(2)), 7.25 (d, 1H, H(11)), 
7.12 (t, 1H, H(4)), 6.97 (t, 1H, H(3)), 6.90 (d, 1H, H(13)), 6.68 (d, 1H, H(5)), 6.35 (d, 
1H, H(12)). UV-Vis (DMF, λmax (ε, M-1 cm-1)): 282(16890), 341(16910). 
Conductivity (10-3 M, CH3CN) = 48 ohm-1 cm2 mol-1. 
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4.2.5 Synthesis of  
trans-[{[ReBr(aphsal)(PPh3)2]Br}{[ReBr(aphsal)(PPh3)2](ReO4)}] (2) 
 
A mixture of trans-[ReOBr3(PPh3)2] (100 mg, 103μmol) and H3aphsal (655 mg, 309 
μmol) was heated under reflux in 20 cm3 of toluene for 2 hours. The resulting brown 
solution was cooled to room temperature and filtered giving a brown precipitate. The 
brown crystals that are suitable for X-ray analysis were obtained after one week from 
the slow evaporation of the mother liquor. Yield = 73 %, m.p. 171 – 175 °C. Anal. 
Calcd. (%) for 2(C49H39BrN2OP2Re).ReO4.Br: C, 51.66; H, 3.53; N, 3.37. Found: C, 
51.71; H, 3.49; N, 3.33. IR (νmax/cm-1):  ν(Re=N) 1096; ν(C=N) 1598, 1610; ν(Re-N) 
531; ν(Re-O) 462. 1H NMR (295K, ppm, CDCl3): 13.52 (s, 1H, H(7)), 7.61-7.30 (m, 
31H, PPh3, H(2)), 7.18 (d, 1H, H(11)), 7.06 (t, 1H, H(4)), 6.91 (t, 1H, H(3)), 6.80 (d, 
1H, H(13)), 6.73 (d, 1H, H(5)), 6.62 (d, 1H, H(12)). UV-Vis (Dichloromethane, λmax 
(ε, M-1 cm-1)): 325(6060), 386(3100), 456(1060). Conductivity (10-3 M, CH3CN) = 42 
ohm-1 cm2 mol-1. 
 
4.2.6 Synthesis of fac-[Re(CO)3(H2amphol)] (3) 
 
A mass of 906 mg (276 μmol) of H3amphol was added to 100 mg (276 μmol) of 
[Re(CO)5Cl] in 20 cm3 of toluene, and the mixture was heated under reflux for 3 
hours under nitrogen. After cooling to room temperature the solution was filtered, and 
the filtrate was left to evaporate slowly at room temperature over a period of three 
days. The slow evaporation of the mother liquor produced yellow platelets. Yield = 65 
%, m.p. = 262 °C. Anal. Calcd. (%) for C12H11N2O4Re: C, 33.25; H, 2.56; N, 6.46. 
Found: C, 34.03; H, 2.34; N, 6.37. IR (νmax/cm-1): ν(C≡O) 2012, 1861; ν(NH) 3169; 
ν(C=N) 1608; ν(Re-N) 538, 499; ν(Re-O) 451. 1H NMR (295K, ppm, CDCl3) 8.31 (br 
s, 1H, H(6)); 7.50 (d, 1H, H(6)); 7.13 (t, 1H, H(4)); 6.86 (t, 1H, H(5)); 6.83 (d, 1H, 
H(3)); 3.81 (t, 1H, H(2)); 3.52 (t, 1H, H(1)); 2.25(br s, 2H, NH2). UV-Vis (DMF, λmax 
(ε, M-1cm-1)): 324 (14710), 359 (2150). Conductivity (10-3 M, DMF): 16 ohm-1 cm2 
mol-1. 
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4.2.7 Synthesis of cis-[ReCl2(ophsal)(PPh3)] (4).  
  
The reaction of trans-[ReOCl3(PPh3)2] (100 mg, 0.1198 mmol) with N,N'-(o-
phenylene)-bis(salicylideneamine) (H2salphen) (75.6 mg, 0.24 mmol) in ethanol, 
heated under reflux for 2 hours, gave a brown solution, wich was allowed to cool to 
room temperature, filtered, washed with diethyl ether and dried. Brown crystals were 
obtained from the filtrate after three days. Yield = 53 %. m.p. = 351-358 ˚C. Anal. 
Calcd. (%) for C31H24Cl2NO2PRe: C, 50.96; H, 3.31; N, 1.92. Found: C, 52.3; H, 
3.24; N, 2.24. IR (νmax/cm-1): ν(C=N) 1598, ν(Re-N) 556; ν(Re-O) 432; ν(Re-Cl) 346. 
1H NMR (295K, ppm, CDCl3): 13.06 (s, 1H, CH=N), 7.61-7.25 (m, 16H, PPh3, H(9)); 
7. 45 (d, 1H, H(4)); 7.15 (t, 2H, H(1), H(5)); 6.91 (m, 2H, H(1), H(8)); 6.85 (m, 2H, 
H(3), H(7)). UV-Vis (MeOH, λmax (ε, M-1cm-1)): 325 (490), 443 (820), 609 (1910). 
 
4.2.8 X-ray crystallography  
  
X-ray diffraction studies were performed at 200 K with a Bruker Kappa Apex II in the 
conventional ω-2θ scan mode with graphite monochromated Mo-Kα radiation (λ = 
0.71073 Å) [16]. All non-hydrogen atoms were refined anisotropically, and the 
hydrogen atoms were calculated in idealized geometrical positions. The data were 
corrected by a numerical absorption correction [17] after optimizing the crystal shape 
with X Shape [18]. Crystal and refinement data for compounds 1, 2, 3 and 4 are given 
in Tables 4.3, 4.4, 4.5 and 4.6 respectively. Selected bond angles and lengths for these 
compounds are tabulated in Tables 4.7, 4.8, 4.9 and 4.10 respectively. 
 
4.3   Results and Discussion 
 
4.3.1    Synthesis and characterization of H3aphsal 
 
The reaction of equimolar quantities of 1,2-diaminobenzene with salicylaldehyde in 
methanol under reflux led to the isolation of 2-((Z)-(2-
aminophenylimino)methyl)phenol (H3aphsal) as the only product, according to a 
literature method (Scheme 4.1) [19]. The H3aphsal was formed via a one-step reaction 
on cooling the reaction solution to room temperature. This compound can act as a 
tridentate ligand for transition metals [20]. It is soluble in a variety of solvents 
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including ethanol, methanol, dichloromethane, acetone, acetonitrile and 
dimethylformamide.  
 
 
Scheme 4.1: Reaction pathway for the formation of H3aphsal. 
 
The 1H NMR spectrum of the free H3aphsal is shown in Figure 4.3. The imino HC=N 
and phenolic protons are found at 13.05 and 8.61 ppm respectively and they resonate 
as singlets. The aromatic region shows two triplet peaks at 7.40 and 6.75 ppm, four 
doublet peaks at 7.27, 7.08, 6.91 and 6.84 ppm and one singlet for the NH2 protons at 
4.69 ppm.  
The IR spectrum of H3aphsal (Figure 4.4) is dominated by the stretching frequencies 
at 1609, 3168 and 3335 cm-1, that are assigned to the (C=N), (O-H) and (N-H) 
vibrations respectively. The electronic spectrum of H3aphsal (Figure 4.5) in 
dimethylformamide shows three intense absorption bands at 231, 257 and 318 nm. 
With reference to previous spectroscopic studies, all these intense bands are assigned 
to the intraligand π→π* charge transfer bands. 
 
 
Figure 4.3:  1H NMR spectrum for H3aphsal. 
Chapter 4                                                                                                G. Habarurema 
Nelson Mandela Metropolitan University                                                                 63	
 
 
Figure 4.4: IR spectrum for H3aphsal in the range 400-1640 cm-1. 
 
 
Figure 4.5: UV spectrum of H3aphsal. 
 
4.3.2    Synthesis and characterization of H3amphol 
The potentially tridentate ligand 2-((Z)-(2-aminoethylimino)methyl)phenol 
(H3amphol) was isolated fom the reaction of 1,2-diaminoethane with salicylaldehyde 
in refluxing methanol (see Scheme 4.2). H3amphol is soluble in dichloromethane, 
toluene, methanol and acetone but insoluble in water. 
Chapter 4                                                                                                G. Habarurema 
Nelson Mandela Metropolitan University                                                                 64	
 
 
Scheme 4.2: Reaction scheme for the formation of H3amphol. 
      
The 1H NMR spectrum of H3amphol ligand is shown by the Figure 4.6. The peak at 
13.05 ppm appears as a singlet and is assigned to the imine proton. The aromatic 
region of the spectrum shows three triplet peaks at 7.35, 3.96 and 3.81 ppm. The 
signal of the amino protons is found at 2.75 ppm. The infrared spectrum of H3amphol 
is dominated by ν(C=N) as a medium intensity peak at 1610 cm-1 (Figure 4.7). The 
overlay electronic spectra of H3amphol and compound 3 in dichloromethane displays 
one high absorption band at 321 nm region as found in Figure 4.25. This band is 
assigned to the intraligand π→π* transitions occurring within the highly conjugated π 
system.  
 
 
Figure 4 .6: 1H NMR of H3amphol. 
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Figure 4 .7: IR of H3amphol in the range of 400-1620 cm-1. 
 
 
4.3.3 Synthesis and spectroscopic characterization of H2salphen 
The N,N'-(o-phenylene)-bis(salicylideneamine) (H2salphen) was formed via the 
reaction of 1,2-diaminobenzene and salicylaldehyde in methanol (Scheme 4.3) [21]. 
For H2salphen, a yellow precipitate was formed on cooling the reaction solution to 
room temperature and yellow crystals were obtained by the slow evaporation of the 
mother liquor. This compound can act as a tetradentate ligand for transition metals 
[22]. 
 
 
Scheme 4.3:  Reaction pathway for the formation of H2salphen. 
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The 1H NMR spectrum of H2salphen is shown in Figure 4.8. The signals of the Schiff 
base protons are found at 12.98 and 10.97 ppm. The spectrum shows the aromatic C-
OH protons at 9.84 ppm.  
The IR spectrum of H2salphen (Figure 4.9) are dominated by the appearance of the 
frequencies at 1598 and 1610 cm-1, assigned to the two imine groups. The peaks at 
3332 and 3408 cm-1 are due to the presence of OH groups. The electronic spectrum of 
H2salphen (Figure 4.10) in dimethyl sulfoxide shows one intense absorption band at 
334 nm. With reference to previous spectroscopic studies, this intense band with an 
extinction coefficient of 7300 M-1 cm-1 is tentatively assigned to the  intraligand 
π→π* charge transfer. 
An ORTEP perspective view of H2salphen is shown in Figure 4.11. It consists of two 
azomethine moieties and two phenolic groups. The crystal parameters for H2salphen 
were not recorded for the structure due to poor crystal quality. 
 
 
Figure 4.8: 1H NMR spectrum of the aromatic region of H2salphen. 
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Figure 4.9: IR spectrum for H2salphen. 
 
 
Figure 4.10: UV-Vis spectrum for H2salphen. 
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Figure 4.11: An ORTEP view of H2salphen showing 40% probability   
displacement ellipsoids and the atom labelling. 
 
The packing in the unit cell of H2salphen shows four independent molecules in the 
asymmetric unit interacting through two intramolecular hydrogen-bonds by its 
phenolic hydrogen and amine nitrogen atoms. These hydrogen bonds are instrumental 
in stabilizing the conformation of the molecule (Figure 4.12). 
 
 
Figure 4.12: Packing diagram in the unit cell of H2salphen showing the 
intra-hydrogen bonds.  
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4.3.4    Synthesis and characterization of cis-[Re(aphsal)Br2(PPh3)] (1)  
 
Complex 1 (Figure 4.13) was prepared by the reaction of trans-[ReOBr3(PPh3)2] with 
a two-fold molar excess of H2salphen in acetonitrile under reflux. The H2salphen 
molecule decomposed, leading to the isolation of a novel rhenium(V)-imido complex 
containing the tridentate ligand aphsal3-. Deprotonation of the amino group in aphsal 
leads to a highly electron-rich sigma- and pi-donating imido nitrogen which provides 
sufficient electron density for the neutralization of the high oxidation state of the 
metal, allowing it to substitute the oxo group. Complex 1 is a diamagnetic and a non-
electrolyte in acetonitrile. It is soluble in a wide variety of solvents like ethanol, 
chloroform, dimethyl sulfoxide, dimethylformamide, tetrahydrofuran and acetonitrile. 
 
 
Figure 4.13: Line structure of cis-[ReBr2(aphsal)(PPh3)]. 
 
The 1H NMR spectrum of 1 is dominated by signals of the phosphine phenyl’s 
protons in the aromatic region between 7.40-7.65 ppm. The aromatic region also 
shows four doublet signals at 7.25, 6.90, 6.68 and 6.35 ppm and two triplet signals at 
7.12 and 6.93 ppm. The signal of the azomethine proton of the coordinated aphsal 
appears far downfield as a singlet at 8.91 ppm.  
The IR spectrum of 1 (Figure 4.14) is characterized by the presence of the ν(Re=N) as 
a medium intensity band at 1095 cm-1. The spectrum does not display a band in the 
920 – 990 cm-1 region that can be assigned to ν(ReV=O). The stretching frequency at 
1610 cm-1 is assigned to (C=N). Upon coordination to the metal, the imine nitrogen 
removes electron density from the imine double bond, thus lengthening the bond and 
leading to a decrease in ν(C=N). 
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The electronic spectrum of complex 1 [Figure 4.15] in dimethylformamide shows two 
intense absorption bands at 282 and 341 nm. With reference to spectroscopic studies, 
the intense absorption band at 282 nm, with an extinction coefficient of 7300 M-1 cm-1 
is assigned to an intraligand π → π* charge transfer and the peak at 341 nm is 
ascribed to a LMCT [pπ(N2-) → d*π(Re)]. 
 
 
Figure 4.14:  IR spectrum for the complex 1 in the range 400-1650 cm-1. 
 
 
 
 
Figure 4.15: UV-Vis spectrum of 1. 
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The X-ray crystallographic structure of 1 shows that the rhenium(V) core is centered 
in an octahedral environment with the equatorial plane formed by the P(1)Br2N(1) 
donor set (Figure 4.16). The octahedron is distorted, with the Br(2)-Re-P [91.29(4)˚], 
Br(1)-Re-Br(2) [90.10(2)˚], Br(1)-Re-N(1) [85.5(2)˚] and N(1)-Re-P [93.2(2)˚] bond 
angles significantly close to orthogonality. The equatorial plane in the complex is 
strictly planar with nonorthogonal angles described by N(2)-Re-Br(1) [92.9(2)˚], 
N(2)-Re-Br(2) [103.1(2)˚], N(2)-Re-N(1) [73.6(2)˚] and N(2)-Re-P [89.03(2)]˚. The 
distortion leads to bond angles which deviate from linearity, for example N(2)-Re-O 
[158.4(2)˚] and N(1)-Re-Br(1) [174.4(2)˚]. There are two bite angles described by the 
coordinated aphsal ligand. The bite angle N(1)-Re-O [85.0(2)˚] forms a six-membered 
ring while the bite angle N(1)- Re-N(2) [73.6(2)˚] leads to a five-membered ring.   
The aphsal ligand in 1 acts as a tridentate trianionic moiety, with N(2) coordinated to 
the rhenium as a dinegative imido nitrogen atom, via the imino nitrogen N(1) and 
through its deprotonated phenolic oxygen atom. The Re-N(2) bond length of 1.762(3) 
Å is slightly longer than the normal bond length assigned to the rhenium phenylimido 
core, which is found in the range of 1.726 – 1.740 Å [25].  This bond is shorter than 
the values usually found for ReV-NH and ReV-NH2 bonds [1.98 – 2.05 Å and 2.15 – 
2.23 Å respectively] [26]. The Re(1)-N(1) bond length of 2.185(6) Å is found within 
the expected range for the Re-N(imino) bond length. The Re-N(2)-C(12) bond angle of 
132.0(4)˚ presents a significant deviation from linearity of the coordinated 
phenylimido unit of the coordinated ligand, in which the nitrogen is doubly bonded to 
rhenium. The Re-O bond length of 1.894(5) Å falls in the range usually assigned to 
Re-O (phenolic) bond [27]. The C(1)-N(1)-C(11) bond angle of 118.0(7)˚ is closer to 
120˚ and is evidence that the N(1) atom is sp2 hybridized. The C(1)-N(1) bond length 
of 1.207(1) Å is typical for a carbon-nitrogen double bond of this type. The Re-Br 
bond lengths [2.602 (1) and 2.508(1) Å] are typical for Re(V) complexes containing 
triphenylphosphine ligands [28]. The Re-Br(1) bond length is significantly longer than 
the Re-Br(2) bond due to the larger trans effect of P compared to that of the imino N.  
The unit cell contains two asymmetric units of the complex (Figure 4.17). Each 
molecule is accompanied by two molecules of the acetonitrile solvent of 
crystallization.   
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Figure 4.16: An ORTEP view of complex 1 showing 40% probability 
displacement ellipsoids and the atom labelling showing the disorder of 
acetonitrile solvent. Hydrogen atoms were omitted for clarity. 
 
 
 
Figure 4.17: Packing diagram in the unit cell of complex 1. 
 
Chapter 4                                                                                                G. Habarurema 
Nelson Mandela Metropolitan University                                                                 73	
 
4.3.5 Synthesis and characterization of trans-
[{[ReBr(aphsal)(PPh3)2]Br}{[ReBr(aphsal)(PPh3)2](ReO4)}] (2) 
 
Compound 2 was isolated from the reaction of trans-[ReOBr3(PPh3)2] with  H3aphsal 
in toluene under reflux as represented by the equation:  
 
3[ReOBr3(PPh3)2]  + 2H3aphsal  + 2O2                    6HBr + 2PPh3  + 3H2O 
[{[ReBr(aphsal)(PPh3)2]Br}{[ReBr(aphsal)(PPh3)2](ReO4)}]                                           
 
 
Figure 4.18: Line structure of  
trans-[{[ReBr(aphsal)(PPh3)2](ReO4)}{[ReBr(aphsal)(PPh3)2]Br}] (2). 
 
The aphsal ligand acts as a tridentate chelate via its two nitrogen and oxygen atoms, 
leading to the isolation of a complex made up of two independent and identical novel 
rhenium(V)-imido complexes with bromide and perrhenate counter-ions as shown in 
Figure 4.18. Compound 2 is soluble in a wide variety of solvents like ethanol, 
chloroform, dimethylformamide, dimethyl sulfoxide, tetrahydrofuran and acetonitrile.    
 
The 1H NMR spectrum is dominated by signals of the protons of PPh3. The singlet at 
lowest field (at 13.52 ppm) is assigned to the methine protons of aphsal.  
 
The IR spectrum (see Figure 4.19) displays a peak of the azomethine groups at 1598 
and 1610 cm-1.  The ν(Re=N) is found as a medium intensity band at 1096 cm-1. The 
presence of the perrhenate counter-ion in 2 is indicated by a very strong peak at 908 
cm-1 which confirms the presence of ν(ReVII=O). The Re-N and Re-O stretching 
frequencies occur at 531 and 462 cm-1, respectively.    
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The electronic spectrum of 2 (Figure 4.20) in DMF shows two intense absorption 
bands at 285 nm which can be assigned to the intraligand π→π* transition bands. 
With reference to previous spectroscopic studies, the weaker intense absorption bands 
at 327 and 427 nm are tentatively assigned to the ligand-to-metal charge transfer 
transitions (LMCT) [pπ(N2-) →d*π(Re)].  
 
 
      Figure 4.19: IR spectrum of complex 2 in the range 400-1650 cm-1. 
 
 
 
Figure 4.20: UV-Vis spectrum of 2. 
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The X-ray crystallographic analysis of 2 shows that the complex consists of two 
independent and identical complexes accompanied by their counter-ions perrhenate 
and bromide. This structure is dominated by the rhenium(V)-imido cores centered in 
octahedral environments with the equatorial planes formed by the 
P(11)P(12)Br(1)N(12) and P(21)P(21)Br(2)N(21) donor atoms (Figure 4.21). The 
octahedron is highly distorted, with the Br(1)-Re(1)-P(11), Br(1)-Re(1)-P(12), Br(2)-
Re(2)-P(21) and Br(2)-Re(2)-P(22) bond angles of 91.1(7)˚, 91.2(7)˚, 90.05(8)˚ and 
90.22(8)˚  respectively. These bonds angles are close to orthogonality. The bond 
angles Br(1)-Re(1)-O(1) [93.0(2)˚],  Br(2)-Re(2)-O(2) [96.7(3)˚], Br(1)-Re(1)-N(11) 
[108.9(3)˚] and Br(2)-Re(2)-N(21) [104.8(3)˚] show large deviations from 
orthogonality. The bond angles N(11)-Re(1)-O(1) of 158.1(4)˚ and N(21)-Re(2)-O(2) 
of 158.4(4)˚ around the two rhenium centers are closest to each other and are all non-
linear. The P(11)-Re(1)-P(12) bond angle of 175.92(7)˚ deviates from linearity while 
the P(21)-Re(2)-P(22) bond angle is particuraly linear at 179.2(1)˚. There are two 
different non-orthogonal bite angles described by the coordinated aphsal ligand 
around the rhenium metal. This deviation is caused by the constraints produced by the 
tridentate chelation of the aphsal ligand which forms five-membered chelate rings 
described by the bond angles N(11)-Re(1)-N(12) = 74.7(4)˚, N(21)-Re(2)-N(22) = 
75.1(4)˚, and two six-membered chelate rings defined by the N(12)-Re(1)-O(1) 
[83.4(3)˚] and  O(2)-Re(2)-N(22) [ 83.3(4)˚] bond angles.  
The packing diagram of 2 is shown in Figure 4.22. The aphsal chelate is thus 
coordinated as a trianionic tridentate ligand around rhenium metal via both its imino 
nitrogens and phenolate oxygens. There structure shows different intermolecular 
interactions between the molecules in the asymmetric unit. 
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Figure 4.21: An ORTEP view of complex 2 showing 40% probability displacement 
ellipsoids and the atom labelling showing the perrhenate and bromide  
counter-ions. Hydrogen atoms were omitted for clarity. 
 
 
 
Figure 4.22: Packing diagram in the unit cell of the complex 2. 
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4.3.6 Synthesis and characterization of fac-[Re(CO)3(H2amphol)]  (3) 
The reaction of the potentially tridentate N2O-donor Schiff base ligand 2-((Z)-(2-
aminoethylimino)methyl)phenol (H3amphol) with [Re(CO)5Cl] in toluene under 
nitrogen led to the formation of the fac[Re(CO)3(H2amphol)]  (3) (Figure 4.23), as 
described by the equation: 
 
[Re(CO)5Cl]    +    H3amphol                fac-[Re(CO)3(H2amphol)]  +   2CO + HCl 
 
 
Figure 4.23: Line structure of fac-[Re(CO)3(H2amphol)] (3). 
 
The 1H NMR spectrum of 3 shows one singlet peak at 8.31 ppm which is assigned to 
the imine proton of the Schiff base. The aromatic region shows poorly resolved peaks 
in the region 7.50 – 6.83 ppm, being assigned to the protons of the phenyl unit. The 
spectrum displays triplet signals at 3.81 and 3.52 ppm, and one broad singlet signal at 
2.25 ppm, which are assigned to the protons of the ethane and amino group (NH2) 
respectively. 
 
The dominant feature of the infrared spectrum of 3 (Figure 4.24) is the presence of 
one sharp and one broad peak in the carbonyl stretching region at 1861 and 2012 cm-1, 
ascribed to the three carbonyls groups in the facial isomer arrangement. The ν(C=N) 
of the coordinated H2amphol ligand is found at 1608 cm-1. The Re-N stretching 
fequencies are found at 499 and 538 cm-1. The Re-O (phenolic oxygen) stretching 
fequency is found at 451 cm-1.   
 
The overlay electronic absorption spectra of the H2amphol free ligand and compound 
3 are shown in Figure 4.25. It shows two absorption bands at 324 and 359 nm. The 
band at 324 nm is common in the spectrum of H2mphol, as well as in that of 
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compound 3. This peak is assigned to intraligand π→π* transitions in both free and 
coordinated H2amphol. The absorption band at 359 nm is due to the metal-to-ligand 
charge transfer (MLCT) [pπ(NH2) → d*π(Re)]. 
 
 
Figure 4.24: IR spectra compound 3 in the range of 400-2030 cm-1. 
 
 
 
 
Figure 4.25: Overlay UV-Vis spectra of of H3amphol ligand (blue line)  
          and complex 3 (red line). 
               H2amphol ligand 
               Complex 3 
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The X-ray results show that the tridentate H2amphol ligand is coordinated to the metal 
via two nitrogen atoms N(1) (imino), N(2) (amino)  and the anionic phenolate oxygen 
O(1) (Figure 4.26). The rhenium atom lies in a distorted octahedral environment with 
the three carbonyl donors in a facial orientation. The distortion from an ideal 
octahedral geometry in 3 is due to the trans angles N(2)-Re(1)-C(5) [170.6(8)˚], N(1)-
Re(1)-C(4) [169.7(9)˚] and O(1)-Re(1)-C(6) [177.9(8)˚] deviating from linearity. This 
deviation is caused by the constraints produced by the tridentate chelation of the 
H2amphol ligand which forms one five-membered and one six-membered chelate ring 
with bite angles of N(1)-Re(1)-N(2) [75.0(8)˚] and N(1)-Re(1)-O(1) [78.6(7)˚]. In 
order for the ligand to act as a tridente chelate coordinated to the metal in a facial 
orientation, the two amino groups twist towards one another. The Re(1)-N(1) bond 
length of 2.15(2) Å falls in the range for ReI-N(imino) bonds, and the Re(1)-N(2) bond 
length of 2.230(2) Å is found at the higher end of the range of [2.15-2.23] expected 
for Re-NH2 [29]. The Re(1)-O(1) bond length of 2.14(2) Å is longer than the range of 
[1.84-1.97 Å] which is expected for  Re(1)-O(phenolic) bonds. This effect may be due to 
the trans effect of the carbonyl group C(6)=O(6). The bond lengths 1.930(2) Å 
[(Re(1)-C(4)], 1.918(2) Å [Re(1)-C(5)] and 1.90(2) Å [Re(1)-C(6)] are typical, and 
the difference between them may be the result of the difference trans effects of the 
donor atoms trans to them. The C(1)-N(1)-C(2) angle of 119.5(2)˚  is close to 120˚, 
and the bond of C(1)=N(1) is double with bond length of 1.285(3) Å . 
 
The packing of complex 3 in the unit cell is complemented by a network of 
intermolecular hydrogen bonds formed between phenolic oxygens, oxygen of the 
carbonyl groups, amino nitrogen groups and hydrogen atoms of the benzene ring 
(Figure 4.27, Table 4.1). The first intermolecular hydrogen bond exists between a 
carbonyl oxygen O(6) and a nitrogen proton of the amino group N(2)H(2A)•••O(6) 
[3.10(3) Å]. A second hydrogen bond connects adjacent molecules via phenolic 
oxygen and hydrogen H(2B) of the amino nitrogen atom N(2)H(2B)•••O(1) [2.84(2) 
Å]. The third interaction is described by the proton of the benzene ring H(16) with the 
oxygen O(6) of the carbonyl group leading to C(16)H(16)•••O(6) [3.50(3) Å].    
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Figure 4.26: An ORTEP view of complex 3 showing 40% probability      
                               displacement ellipsoids and the atom labelling.  
Hydrogen atoms were omitted for clarity. 
 
 
 
Figure 4.27: Packing diagram in the unit cell of 3 showing hydrogen-bonds. 
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Table 4.1: Hydrogen-bond distances (Å) and angles (˚) for complex 3. 
DH•••A D-H H•••A D•••A DH•••A 
N(2)H(2A)•••O(6) 
N(2)H(2B)•••O(1) 
0.92(3)     
0.88(3) 
2.31(3)    
1.97(3)  
3.10(3) 
2.84(2)      
      139(2)    
      169(3)   
 
4.3.7 Synthesis and characterization of cis-[ReCl2(ophsal)(PPh3)] (4) 
The reaction of trans-[ReOCl3(PPh3)2] with a bimolar excess of H2salphen in 
refluxing ethanol gave the product cis-[ReCl2(ophsal)(PPh3)] (4) (Figure 4.28). 
Complex 4 was formed by the reduction of rhenium(V) to (IV). The reduction of oxo-
phosphine-rhenium(V) complexes to rhenium(IV) is unusual. This is usually achieved 
by the reduction of the oxo species by dissociated triphenylphosphine (to form 
OPPh3), or by disproportionation of the oxorhenium(V) complex to the rhenium(III) 
species and perrhenate ([ReO4]-).  
 
Compound 4 contains a coordinated ophsal as a decomposition product of H2salphen. 
In this fragmentation the benzene unit of the 1,2-diaminobenzene was cleaved to yield 
the coordinated Schiff base ophsal2-. Complex 4 is soluble in a wide range of solvents 
including ethanol, acetone, acetonitrile, dimethylformamide and dimethyl sulfoxide.  
 
 
Figure 4.28: Line structure of complex 4. 
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The 1H NMR spectrum of 4 consists of poorly resolved broad peaks with 
paramagnetic shifts and line broadening of the signals, making proton assignment 
difficult due to the multiple aromatic protons [30, 31].  
 
In the infrared spectra of 4 (Figure 4.29), the peak at 1598 cm-1 is assigned to the 
ν(C=N) of the coordinated ligand. The peak at 556 cm-1 can be assigned to the Re-N 
stretching modes which are normally found in the range of 540 - 580 cm-1. The 
phenolic Re-O stretching energy is found at 432 cm-1. The Re-Cl stretching frequency 
is found at 346 cm-1. The typical Re=O stretch of rhenium(V) complexes in the 890-
1020 cm-1 region is absent, implying that the rhenium(IV) product has been formed.  
The UV-Vis spectrum of complex 4 shows three absorption bands (Figure 4.30). A 
weak band at 325 nm assigned to intraligand π→π* charge transfer. The absorption 
band at 443 nm is evidence of the ligand-to-metal charge transfer (LMCT) [pπ(O-) → 
d*π(Re)]. A strong absorption band at 609 nm is assigned to a (dxy)2 → (dxy)1 (d*π)1 
transition. 
 
 
Figure 4.29: IR spectra of complex 4 in the range of 400-1700 cm-1. 
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Figure 4.30: UV-Vis spectra for complex 4. 
 
A perspective view of complex 4 is shown by Figure 4.31. The two oxygen and one 
nitrogen donor atoms from the fragmented tridentate Schiff base NO2-donor ligand 
(ophsal) occupy three equatorial coordination sites along with one chloride in an 
octahedral geometry around the rhenium centre. The X-ray crystallographic analysis 
illustrates two chloride atoms in cis positions. The structure shows a five-membered 
and a six-membered chelate ring around the rhenium. Compound 4 is an unusual 
product formed from the reduction reaction of Re(V) to Re(IV). This type of reaction 
is not unprecedented in the literature as [ReOI3(PPh3)2]  has been used in the 
enantioselective reduction of imines to amines [21]. 
Compound 4 has one carbon-nitrogen double bond [C(1)-N(1)] of 1.27(2) Å, with the 
C(1)-N(1)-C(21) bond angle of 118.1(1)˚ close to 120˚. This bond angle confirms that 
N(1) is sp2 hybridized. The axial sites contain P(3) of the PPh3 molecule with a trans 
coordinated chloride Cl(2), and the P(3)-Re(1)-Cl(2) angle deviates from linearity at 
172.94(8)˚. The chelate shows two bites angles: N(1)-Re-O(1) [71.5(4)˚] which is part 
of a five-membered ring, and N(1)-Re(1)-O(2) [86.7(4)˚], part of a six-membered ring 
[27,32]. The cis Cl(2)-Re(1)-Cl(3) bond angle of 89.19(7)˚ formed by the chlorides is 
close to 90˚. The Re-N(1) bond distance of 2.206(1) Å is typical for a Re-N bond 
distance in similar complexes [33-38]. The Re-Cl(1) bond of 2.434(2) Å is longer than 
the Re-Cl(2) one [2.337(2) Å]  due to a greater the  trans effect of phosphorus 
compared  to that of nitrogen.  
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The two oxygen atoms in 4 are in trans positions with unequal Re-O bond lengths of 
Re(1)-O(1) [1.80(7) Å] and Re(1)-O(2) [1.85(7) Å], and a non-linear O(1)-Re(1)-O(2) 
axis of 157.8(3)˚ (Table 4.12).  
A perspective view of the asymmetric unit of complex 4 is shown in Figure 4.32. 
There are four independent structural units in the unit cell. There are three significant 
interactions formed between phenolic hydrogen, phenolic oxygen and the chloride 
atoms, C(16)H(16)•••Cl(1) [3.67(9) Å], C(36)H(36)•••O(1) [3.31 (1) Å] and 
C(56)H(56)•••Cl(2) [3.67 (1) Å] (see Table 4.2).  
 
 
Figure 4.31: ORTEP view of complex 4 showing the disorder of the azomethine 
group. Hydrogen atoms were omitted for clarity. 
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Figure 4.23: Packing diagram in the unit cell of complex 4  
showing intermolecular interactions. 
 
Table 4.2: Intermolecular bond distances (Å) and angles (˚) for complex 4. 
DH•••A D-H H•••A D•••A DH•••A 
C(16)H(16)•••Cl(5) 
C(36)H(36)•••O(1) 
C(56)H(56)•••Cl(2) 
0.9500 
0.9500  
0.9500            
2.7700    
2.5000 
2.8200       
3.69(9) 
3.31 (1) 
3.67 (1)    
      162.00   
      144.00 
      149.00       
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Table 4.3: Crystal data and structure refinement data for complex 1. 
Chemical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
Unit cell dimensions (Å, ˚) 
C31H24Br2NO2PRe.2(C2H3N)   
901.60   
200 
Triclinic  
P-1                               
a = 11.968(5)         α = 77.871(5) 
 
 
Crystal size [mm] 
V (Å 3)  
Z 
Density (calc.) (g/m3) 
Absorption coefficient (mm-1) 
F(000) 
θ range for data collection (deg) 
Index ranges 
Reflections measured 
Independent/observed reflections 
Data/parameters 
Goodness-of-fit on F2 
R, wR2 
Largest diff. peak and hole (e/Å3) 
b = 12.149(5)                      β = 78.210(5) 
c = 12.411(5)                    γ = 71.890(5) 
0.30 x  0.34 x  0.40   
1658 (1)     
2    
1.806   
6.159     
874 
2.3-28.4   
-15≤h≤15; -16≤k≤16; -16≤l≤12 
43982 
8224/7553 
8224/399   
1.24   
0.0449, 0.0985 
5.97, -6.72                                             
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Table 4.4: Crystal data and structure refinement data for the complex 2.   
Chemical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
Unit cell dimensions (Å, ˚) 
2(C49H39BrN2OP2Re).ReO4.Br   
2329.85 
200 
Triclinic  
P-1                               
a = 10.7503(4)               α = 116.102(2) 
 
 
Crystal size [mm] 
V(Å 3)  
Z 
Density (calc.) (g/m3) 
Absorption coefficient (mm-1) 
F(000) 
θ range for data collection (deg) 
Index ranges 
Reflections measured 
Independent/observed reflections 
Data/parameters 
Goodness-of-fit on F2 
R, wR2 
Largest diff. peak and hole (e/Å3) 
b = 20.5532(8)               β = 102.954(2) 
c = 22.4042(8)               γ = 90.831(2)   
0.30 x  0.34 x  0.40   
4295.9(3) 
2    
1.801   
5.745 
2264  
1.0-28.4   
-10≤h≤14; -24≤k≤24; -29≤l≤29 
75337 
21122/16956 
21122/ 1039   
1.06 
0.0728, 0.2051 
7.68, -7.22                                                   
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Table 4.5: Crystal data and structure refinement data for complex 3. 
Chemical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
Unit cell dimensions (Å, ˚) 
C12H11N2O4Re   
433.44   
200 
Triclinic  
P-1                               
a = 7.6865(3)             α = 99.634(1) 
 
 
Crystal size [mm] 
V(Å 3)  
Z 
Density (calc.) (g/m3) 
Absorption coefficient (mm-1) 
F(000) 
θ range for data collection (deg) 
Index ranges 
Reflections measured 
Independent/observed reflections 
Data/parameters 
Goodness-of-fit on F2 
R, wR2 
Largest diff. peak and hole (e/Å3) 
b = 9.8671(4)              β = 109.285(1) 
c = 10.2152(4)            γ = 112.180(1)   
0.05 x  0.25 x  0.35   
638.25(4)   
2    
2.255   
9.530   
408 
2.2-28.4 
-10≤h≤8; -9≤k≤13; -13≤l≤13 
11403 
3166/3058 
3166/180 
1.04   
0.0121, 0.0296 
0.86, -0.54                                         
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Table 4.6: Crystal data and structure refinement data for complex 4. 
Chemical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
Unit cell dimensions (Å, ˚) 
C31H24Cl2NO2PRe 
730.59   
200 
Monoclinic 
P21/c                               
a = 10.2282(3)                 
 
 
Crystal size [mm] 
V(Å 3)  
Z 
Density (calc.) (g/m3) 
Absorption coefficient (mm-1) 
F (000) 
θ range for data collection (deg) 
Index ranges 
Reflections measured 
Independent/observed reflections 
Data/parameters 
Goodness-of-fit on F2 
R, wR2 
Largest diff. peak and hole (e/Å3) 
b = 21.4014(6)               β = 126.659(1) 
c = 16.5358(4)                     
0.15 x 0.16 x 0.70 
2903.70(14) 
4    
1.671 
4.453 
1428 
2.2- 28.3 
-13≤h≤12; -25≤k≤28; -19≤l≤22 
26536  
7217/6038 
7217/362  
1.12 
0.0586, 0.1270  
5.91, -6.25  
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Table 4.7: Selected bond lengths (Å) and bond angles (˚) for complex 1. 
 
                                                Bond lengths 
Re(1)-Br(1) 
Re(1)-P(1) 
Re(1)-O(2) 
N(1)-C(1)  
N(2)-C(4)               
2.602(1)  
2.421(2) 
1.894(5)  
1.21(1) 
1.14(1)              
Re(1)-Br(2) 
Re(1)-N(2)  
Re(1)-N(1) 
N(1)-C(11)         
 N(3)-C(6)     
2.508(1) 
1.786(5) 
2.185(6) 
1.522(9) 
1.13(1) 
                                                Bond angles 
Br(1)-Re(1)-Br(2) 
Br(1)-Re(1)-N(2) 
Br(1)-Re(1)-N(1) 
Br(2)-Re(1)-N(2) 
Br(2)-Re(1)-N(1) 
P(1)-Re(1)-O(2)  
N(2)-Re(1)-O(2) 
O(2)-Re(1)-N(1) 
Re(1)-O(2)-C(22) 
Re(1)-N(1)-C(11)       
90.10(2)  
92.9(2)  
85.5(2)  
103.1(2) 
174.4(2) 
89.4(2) 
158.4(2) 
85.0(2) 
136.7(4)  
113.8(4)        
Br(1)-Re(1)-P(1) 
Br(1)-Re(1)-O(2) 
Br(2)-Re(1)-P(1) 
Br(2)-Re(1)-O(2) 
P(1)-Re(1)-N(2) 
P(1)-Re(1)-N(1) 
N(2)-Re(1)-N(1) 
Re(1)-N(2)-C(12) 
Re(1)-N(1)-C(1) 
C(1)-N(1)-C(11)             
177.27(4) 
88.1(2) 
91.29(4) 
98.5(1) 
89.0(2)     
93.2(2) 
73.6(2) 
132.0(4) 
128.2(6)  
118.0(7)       
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Table 4.8: Selected bond lengths (Å) and bond angles (˚) for complex 2. 
                                                     Bond lengths 
Re(1)-Br(1)  
Re(1)-P(12) 
Re(1)-N(11) 
Re(2)-O(2)  
Re(2)-N(22)  
Re(2)-Br(2)    
Re(3)-O(31) 
N(22)-C(2)         
2.504(1) 
2.495(2) 
1.76(1) 
1.896(8) 
2.19(1) 
2.498(1)   
1.68(2)  
1.25 (2) 
Re(1)-P(11) 
Re(1)-O(1) 
Re(1)-N(12) 
Re(2)-N(21) 
Re(2)-P(22) 
Re(2)-P(21) 
N(11)-C(112) 
N(12)-C(1) 
2.495(2) 
1.929(7) 
2.179(9) 
1.77(1) 
2.488(3) 
2.493(3) 
1.413(2) 
1.30(1) 
                                                     Bond angles 
Br(1)-Re(1)-P(11)  
Br(1)-Re(1)-P(12) 
Br(1)-Re(1)-N(12) 
P(11)-Re(1)-O(1) 
P(11)-Re(1)-N(12) 
P(12)-Re(1)-N(11)  
O(1)-Re(1)-N(11) 
N(11)-Re(1)-N(12) 
P(22)-Re(2)-N(21)  
N(21)-Re(2)-N(22) 
P(21)-Re(2)-P(22) 
C(2)-N(22)-C(211)         
91.13(7) 
91.21(7) 
176.3(2) 
87.4(2) 
89.1(2) 
91.3(3) 
158.1(4) 
74.7(4) 
89.9(4) 
75.1(4)   
179.2(1) 
119 (1)    
P(21)-Re(2)-N(21) 
P(21)-Re(2)-N(22) 
P(11)-Re(1)-P(12) 
P(11)-Re(1)-N(11) 
P(12)-Re(1)-O(1) 
P(12)-Re(1)-N(12) 
O(1)-Re(1)-N(12) 
P(22)-Re(2)-O(2) 
P(22)-Re(2)-N(22) 
O(2)-Re(2)-N(22)  
P(21)-Re(2)-O(2)  
C(1)-N(12)-C(111) 
90.8(4) 
90.2(3) 
175.92(7) 
91.1(3)  
89.1(2) 
88.3(2)  
83.4(3) 
90.1(3)  
89.5(3) 
83.3(4)   
89.1(3) 
119.6(9)   
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Table 4.9: Selected bond lengths (Å) and bond angles (˚) for complex 3. 
                                                Bond lengths 
Re(1)-O(1) 
Re(1)-N(2) 
Re(1)-C(5) 
O(1)-C(12)  
O(5)-C(5) 
C(1)-N(1)               
2.136(2)      
2.230(2)      
1.918(2)      
1.329(3)      
1.152(3) 
1.285(3)      
Re(1)-N(1) 
Re(1)-C(4)  
Re(1)-C(6) 
O(4)-C(4)         
O(6)-C(6)    
C(3)-N(2)  
2.147(2) 
1.930(2)      
1.895(2) 
1.149(3)      
1.161(3)  
1.493(4)     
                                                 Bond angles 
O(1)-Re(1)-N(1)  
O(1)-Re(1)-N(2) 
O(1)-Re(1)-C(4)  
O(1)-Re(1)-C(5) 
N(1)-Re(1)-N(2) 
N(1)-Re(1)-C(5) 
N(2)-Re(1)-C(4) 
N(2)-Re(1)-C(6) 
C(4)-Re(1)-C(6) 
C(1)-N(1)-C(2) 
Re(1)-O(1)-C(12) 
Re(1)-N(1)-C(2)         
78.57(7) 
88.12(7) 
93.24(9) 
93.10(7) 
74.97(8) 
96.10(9) 
98.66(9) 
91.32(9) 
89.1(1) 
119.5(2) 
116.7(1) 
112.3(2)       
Re(1)-C(4)-O(4) 
Re(1)-C(5)-O(5) 
Re(1)-C(6)-O(6) 
O(1)-Re(1)-C(6) 
N(1)-Re(1)-C(4) 
N(1)-Re(1)-C(6) 
N(2)-Re(1)-C(5) 
C(4)-Re(1)-C(5) 
C(5)-Re(1)-C(6) 
Re(1)-N(2)-C(3) 
Re(1)-N(1)-C(1) 
N(2)-C(3)-C(2) 
178.0(2) 
175.2(2) 
177.9(2) 
177.67(8) 
169.66(9) 
99.10(8) 
170.57(8) 
90.6(1) 
87.08(9) 
112.8(1) 
125.4(2) 
109.5(2)        
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Table 4.10: Selected bond lengths (Å) and bond angles (˚) for complex 4. 
                                            Bond lengths 
Re(1)-O(1) 
Re(1)-O(2) 
Re(1)-N(1) 
Re(1)-N(2) 
O(2)-C(12) 
N(1)-C(21) 
P(3)-(C41) 
1.800(7) 
1.854(7) 
2.21(1) 
2.17(3) 
1.37(1) 
1.49(2) 
1.815(8)    
Re(1)-Cl(2) 
Re(1)-Cl(3) 
Re(1)-P(1) 
O(1)-C(22) 
C(1)-N(1) 
P(3)-C(31) 
P(3)-C(51)        
 2.434(2) 
2.337(2) 
2.432(2)     
1.371(9) 
1.27(2) 
1.83(1) 
1.82(1) 
                                            Bond angles 
Cl(1)-Re(1)-Cl(2) 
O(1)-Re(1)-Cl(1) 
Cl(1)-Re(1)-N(1) 
Cl(2)-Re(1)-O(1) 
O(2)-Re(1)-N(1) 
P(1)-Re(1)-N(1) 
P(1)-Re(1)-O(2) 
O(1)-Re(1)-N(1)  
Re(1)-N(1)-C(1)  
89.19(7) 
95.7(2)  
88.7(2)  
101.6(2)    
86.7(4)   
91.1(2) 
85.4(2) 
71.5(4) 
125.4(8) 
P(1)-Re(1)-Cl(1) 
O(2)-Re(1)-Cl(1) 
Cl(2)-Re(1)-P(1) 
Cl(2)-Re(1)-O(2) 
Cl(2)-Re(1)-N(1)     
P(1)-Re(1)-O(1) 
O(1)-Re(1)-O(2) 
C(1)-N(1)-C(21) 
Re(1)-N(1)-C(21)             
172.94(8) 
87.5(2) 
91.86(7) 
100.4(2) 
172.5(4) 
91.0(2) 
157.8(3) 
118(1) 
117(1) 
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Chapter 5 
 
Oxorhenium(V) Complexes with Tetradentate 
                  Schiff Base Ligands  
 
5.1 Introduction 
 
There is currently considerable interest in the rational design and synthesis of 
coordination framework materials prepared from multifunctional organic ligands and 
rhenium, due to the potential applications of the latter in radiotherapy [1]. Control 
over the rhenium coordination environment is challenging due to high coordination 
numbers and flexible coordination geometries that are encountered in the coordination 
chemistry of rhenium(V) [2,3]. In addition, the structures and compositions of 
rhenium compounds are often significantly influenced by ligand structures, counter-
ions and reaction conditions [2]. It is interesting to note that more flexible ligands 
featuring N- or O-donor atom have been employed in the construction of d-block 
transition metals frameworks [2-4]. Schiff base ligands are among the most widely 
studied chelators for rhenium metal ions owing to their relatively easy synthesis and 
their versatility in the formation of stable complexes [5-7]. 
This chapter discusses the synthesis and structural aspects of rhenium(V) complexes 
with the N,O-donor ligands N,N'-ethylenebis(salicylieneimine) (H2salen), 2-{[2-
hydroxy-3-{[(E)-(2-hydroxyphenyl)methylidene]amino}propyl)imino]methyl}phenol 
(H2hmp) and N1,N2-bis(aminobenzylidene)-1,2-ethylenediamine (H2amben) [8]. 
These molecules are approximately centrosymmetric at the inversion centre being 
located at the midpoint of the CH2-CH2 and CH2-CHOH-CH2 groups. By coordinating 
to transition metals, salen can act both as a bis-bidentate and tetradentate chelate, in 
the latter case being able to assume planar and twisted structures. The reaction of 
H2salen with trans-[ReOCl3(PPh3)2] in boiling ethanol led to the formation of the 
ligand-bridged oxorhenium(V) complex (μ-salen)[ReOCl2(PPh3)]2 (1). The dimeric 
oxorhenium(V) compound (μ-O)[ReO(salen)]2 (2) was isolated from the reaction 
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mixture of a twofold of H2salen with cis-[ReO2I(PPh3)2] in acetonitrile. The Re(V) 
oxo-bridged compound (μ-O)[ReO(hmp)]2 (3) was isolated from the reaction of 
H2hmp (H2hmp = 2-{[2-hydroxy-3-{[(E)-(2-
hydroxyphenyl)methylidene]amino}propyl)imino]methyl}phenol) and cis-
[ReO2I(PPh3)2] in ethanol. The reaction of a twofold molar excess of H2amben 
(H2amben = N1,N2-bis(2-aminobenzylidene)ethane-1,2-diamine) with trans-
[ReOCl3(PPh3)2] in ethanol gave the oxorhenium(V) cationic complex 
[ReO(amben)]ReO4. 
 
5.2 Experimental  
 
5.2.1 Synthesis of N,N'-ethylenebis(salicylideneimine) (H2salen) 
A mass of 2.0 g (33.33 mmol) of 1,2-diaminoethane was added to 8.0 g (66.66 mmol) 
of salicylaldehyde in 50 cm3 of methanol.  The resulting green solution was refluxed 
for 4 hours under nitrogen atmosphere. The solution was then cooled to room 
temperature.  The solution was filtered by vaccum filtration and crystalline green 
platelets were obtained. Yield = 76 %, m.p. =113–118 °C. Anal. Calcd. (%) for 
C16H16N2O2: C, 71.62; H, 6.01; N, 10.44. Found: C, 71.60; H, 6.05; N, 10.50. IR 
(νmax/cm-1): ν(C=N) 1635, 1624; ν(O-H) 3266, 3354. 1H NMR (295K, ppm, CDCl3): 
13.05 (br, s, 2H, H(2),H(11)); 8.49 (d, 2H, H(3), H(10)); 7.28 – 7.52 (m, 4H, H(5), 
H(6), H(7), H(8)); 6.96 (m,2H, H(4), H(9)); 3.98 (s, 4H, H(1), H(12)); 2.73 (br, s, 1H, 
OH); 2.5 (br, s, 1H, OH). UV-Vis (Dichloromethane, λmax (ε, M-1cm-1)): 254 
(18110), 315 (6480), 403 (190). 
 
5.2.2 Synthesis of 2-{[2-hydroxy-3-{[(E)-(2-
hydroxyphenyl)methylidene]amino}propyl)imino]methyl}phenol (H2hmp) 
A methanolic solution of salicylaldehyde (200 mg; 2.2 mmol) was added dropwise to 
a methanolic solution of 1,3-diaminopropanol of (543 mg; 44 mmol). The reaction 
mixture was stirred for 6 h, resulting in a clear yellow solution. The resulting solution 
was cooled to room temperature to cause precipitation. The precipitate was removed 
by vacuum filtration and after two days yellow crystals suitable for X-ray diffraction 
appeared in the filtrate. The crystals were filtered off, washed with hexane and dried 
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in vacuo. Yield 76 %, m. p. = 138° C. Anal. Calcd. (%) for C17H18N2O3: C, 68.44; H, 
6.08; N, 9.39. Found: C, 68.25; H, 6.76; N, 9.28.  IR (νmax/cm-1): ν(OH(phenolic)) 3245, 
3456; ν(OH(aliphatic)) 3217; ν(C-O(alphatic)) 1275, ν(HC=N) 1631. 1H NMR (295K, ppm, 
CDCl3): 13.02 (br, s, 2H, H(2), H(12)), 9.85 (br, s, 1H, OH), 6.79–7.10 (m, H(5), 
H(7), H(8), H(10)), 7.10-7.32 (m, H(4), H(11)), 7.48 (d, H(4), H(11)), 3.51–3.82 (m, 
4H, CH2), 3.65 (s, 1H, CH), 1.71 (br s, 1H, OH). UV-Vis (Dichloromethane, λmax (ε, 
M-1cm-1)): 409 (350). 
 
5.2.3 Synthesis of N1,N2-bis(aminobenzylidene)-1,2-ethylenediamine (H2amben) 
A mass of 744 mg of 1,2-diaminoethane (13 mmol) in 20 cm3 of methanol was added 
dropwise to a solution of 300 mg of 2-aminobenzaldehyde (25 mmol) in 30 cm3 of 
methanol. The resulting yellow solution was heated under reflux for 4 hours. The 
reaction mixture was allowed to cool to room temperature and the solvent was 
reduced under vacuum to afford white crystals. The crystals were filtered and dried 
under vacuum. Yield = 65 %, m.p. = 187 – 189° C. Anal. Calcd. (%) for C16H18N4: C, 
72.15; H, 6.81; N, 21.04. Found: C, 72.10; H, 6.75; N, 21.15. IR (νmax/cm-1): ν(C=N) 
1631, 1614, ν(N-H) 3421, 3232. 1H NMR (295K, ppm, CDCl3): 8.39 (br, s, 2H, H(2), 
H(11)); 7.05–7.12 (m, 4H, H(3), H(5), H(8), H(10)); 6.66 (d, 2H, H(6), H(7)); 6.47 (t, 
2H, H(4), H(9)); 3.82 (s, 2H, H(1), H(12)); 3.15 (br, s, 2H, NH2). UV-Vis 
(Dichloromethane, λmax (ε, M-1cm-1)): 345 (3180). 
 
5.2.4 Synthesis of (μ-salen)[ReOCl2(PPh3)]2 (1) 
A mass of 71 mg (240 µmol) of N,N'-ethylenebis(salicylideneimine) (H2salen) was 
added to 100 mg (120 µmol) of trans-[ReOCl3(PPh3)2] in 20 cm3 of ethanol and the 
mixture was heated under reflux for three hours, after which the light brown solution 
was cooled to room temperature and then filtered. The mother liquor was left to 
evaporate slowly at room temperature to give green crystals. Yield = 51 %, m.p. = 
309-317 °C. Anal. Calcd. for C52H44Cl4N2O4P2Re2: C, 46.71; H, 3.32; N, 2.10. Found: 
C, 47.88; H, 3.09; N, 2.14. IR (νmax/cm-1): ν(C=N) 1598, 1608; ν(ReV=O)  910; ν(Re-
N) 538; ν(Re-O) 453. 1H NMR (295K, ppm, CDCl3): 8.81 (br s, 1H, H(1)), 8.42 (br s, 
1H, H(8)), 7.35-7.73 (m, 31H, PPh3, H(13)); 7.40 (d, 2H, H(2), H(9)); 7.0 (t, 2H, 
H(4), H(11)); 6.4 (t, 2H, H(3), H(10)); 6.2 (d, 2H, H(5), H(12)); 2.52 (4H, m, C(6)H2, 
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C(7)H2). UV-Vis (Dichloromethane, λmax (ε, M-1cm-1)): 304 (79440), 437 (5570), 
536 (4980). Conductivity (10-3 M, CH3CN) = 25 ohm-1 cm2 mol-1. 
 
5.2.5 Synthesis of (μ-O)[ReO(salen)]2 (2) 
To a suspension of cis-[ReO2I(PPh3)2] (100 mg, 1750 µmol) in 20 cm3 of acetonitrile 
was added H2salen (94 mg, 3500 µmol). The resultant green solution was heated 
under reflux for approximately 3 hours, and then cooled to room temperature to give a 
green solution, with no formation of a precipitate. The slow evaporation of the mother 
liquor over a period of two days at room temperature gave black crystals, which were 
suitable for X-ray analysis. Yield = 66%; m.p. = 307 °C. IR (νmax/cm-1): ν(C=N) 1598, 
1608; ν(C-O) 1274; ν(ReV=O) 898; ν(Re-O-Re) 694; ν(Re-N) 471; ν(Re-O) 453. 1H 
NMR (295K, ppm, CDCl3): 8.30 (2H, s, H(1), H(10)); 7.60 (d, 2H,  H(2), H(9)); 7.10-
7.40 (m, 4H, H(3), H(4), H(7), H(8)); 6.86 (d, 2H, H(5), H(6)); 2.52 (d, 2H, H(11), 
H(12)). UV-Vis (Dichloromethane, λmax (ε, M-1cm-1)): 313(19100), 396 (2370). 
Conductivity (10-3 M, CH3CN) = 27 ohm-1 cm2 mol-1. 
 
5.2.6 Synthesis of (μ-O)[ReO(hmp)]2 (3) 
A mixture of cis-[ReO2I(PPh3)2] (100 mg, 120 μmol) and H2amben (64 mg, 240 
μmol) was heated under reflux in ethanol in an inert atmosphere for two hours. 
Cooling to room temperature produced a dark brown solution. The slow evaporation 
of the mother liquor over a period of two days at room temperature gave green 
crystals suitable for X-ray analysis. Yield = 65%, m.p. = 300 °C. IR (νmax/cm-1): 
ν(C=N) 1618; ν(Re=O) 952; ν(Re-O-Re) 694; ν(Re-O) 446; ν(C-O) 1274;ν(Re-N) 
456. 1H NMR (295K, ppm, CDCl3): 13.02 (s, 2H, H(1), H(5)), 7.65 (dd, 4H, H(13), 
H(16), H(23), H(26)), 7.47 (t, 2H, H(15), H(25)), 7.38 (t, 2H, H(14), H(24)), 3.56, 
3.65 (s, 8H, H(2), H(4)), 1.55 (br s, 1H, OH). UV-Vis (Dichloromethane, λmax (ε, M-
1cm-1)): 319(613); 404(130). Conductivity (10-3 M, CH3CN) = 26 ohm-1 cm2 mol-1. 
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5.2.7 Synthesis of ReO(amben)](ReO4) (4) 
A mixture of trans-[ReOCl3(PPh3)2] (100 mg, 104 μmol) and H2amben (55 mg, 210 
μmol) was heated under reflux in ethanol in an inert atmosphere for two hours. 
Cooling down to room temperature produced a dark brown solution. The slow 
evaporation of the mother liquor over a period of two days at room temperature gave 
black crystals suitable for X-ray analysis. Yield = 76%, m.p. = 315 °C. IR (νmax/cm-1): 
ν(C=N) 1610; ν(Re=O) 972, 908; ν(Re-N) 495, 468. 1H NMR (295K, ppm, 
CDCl3): 13.12 (s, 2H, H(1), H(2)); 9.10 (s, 2H, N(2)H, N(22)H); 7.71 (d, 2H, H(13), 
H(23)); 7.59 (t, 2H, H(15), H(25)); 7.18 (d, 2H, H(16), H(26)), 6.83 (t, 2H, H(14), 
H(21)). UV-Vis (EtOH, λmax (ε, M-1cm-1)): 356 (660); 431 (180); 533 (120). 
Conductivity (10-3 M, CH3CN) = 137 ohm-1 cm2 mol-1. 
 
5.2.8 X-ray Crystallography 
 
X-ray diffraction studies were performed with a Bruker Kappa Apex II in the 
conventional ω-2θ scan mode with graphite monochromated Mo-Kα radiation (λ = 
0.71073 Å) [9]. All non-hydrogen atoms were refined anisotropically, and the 
hydrogen atoms were calculated in idealized geometrical positions. The data were 
corrected by a numerical absorption correction [10] after optimizing the crystal shape 
with X Shape [11]. Crystal and refinement data for compounds H2hmp ligand and 
complexes 1, 2, 3 and 4 are given in Tables 5.4, 5.5, 5.6, 5.7 and 5.8 respectively. 
Selected bond angles and lengths for these compounds are tabulated in Tables 5.9, 
5.10, 5.11, 5.12 and 5.13 respectively. 
 
5.3 Results and Discussion 
5.3.1 Synthesis and spectroscopic characterization of H2salen 
The double condensation reaction of salicylaldehyde with 1,2-diaminoethane in 
methanol produced green crystals of the desired tetradentate Schiff base ligand 
(H2salen) in high yield and purity (Scheme 5.1). This compound can act as a bidentate 
or tetradentate ligand for transition metals [12]. This compound is soluble in a variety 
of solvents including methanol, dichloromethane, acetone, acetonitrile and DMF. 
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Scheme 5.1: Reaction pathway for the formation of H2salen. 
 
The 1H NMR of H2salen in CDCl3 confirms the proposed structure of the ligand 
(Figure 5.1). The broad signal at 13.05 ppm is assigned to the proton of the imine 
group, and the broad peaks at 12.73 ppm are assigned to the aromatic OH group. The 
aromatic protons of the two phenyl rings of H2salen ligand give rise to a set of doublet 
and multiplet signals in the range 6.80-7.95 ppm.   
The IR spectrum of H2salen (Figure 5.2) is dominated by the broad band observed in 
the range 3200-3500 cm-1 which confirms the presence of the phenolic OH groups. 
The ν(HC=N) are found at 1635 and 1624 cm-1. 
The UV/Vis spectrum of H2salen (Figure 5.3) in dichloromethane shows three 
absorption bands at 254, 315 and 403 nm. These bands may be due to intraligand 
π→π* charge transfer.  
 
 
Figure 5.1: 1H NMR spectrum of H2salen. 
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     Figure 5.2: IR spectrum of H2salen in the range 400-1630 cm-1. 
 
 
Figure 5.3: UV-Vis spectrum of H2salen. 
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5.3.2 Synthesis and characterization of 2-{[2-hydroxy-3-{[(E)-(2-
hydroxyphenyl)methylidene]amino}propyl)imino]methyl}phenol 
(H2hmp). 
 
The double condensation reaction of salicylaldehyde with 1,3-diaminopropan-2-ol in 
methanol led to the isolation of the pentadentate Schiff base ligand H2hmp (Scheme 
5.2). This compound can act as tridentate, tetradentate and pentadentate chelate [12].  
 
  
Scheme 5.2: Reaction pathway for the formation of H2hmp. 
The 1H NMR of H2hmp in CDCl3 is shown by Figure 5.4. It shows two signals 
ascribed to the protons of the imine (HC=N) and aromatic -OH moieties at 13.02 and 
9.85 ppm respectively. The peak of the aliphatic CH-OH group is found at 1.71 ppm. 
The IR spectrum of H2hmp shows two intense absorption bands at 1633 and 1623 cm-
1, which are ascribed to the (HC=N) groups (Figure 5.22). Two weak absorption 
bands are observed, typical of O-H stretching vibrations, at 3456 cm-1 (OHphenolic) and 
3217 cm-1 (OHaliphatic). Figure 5.5 shows the UV/Vis spectrum of H2hmp. The intense 
band observed at 409 nm is assigned to the π →π* intraligand charge transfer.  
 
Figure 5.4: 1H NMR spectrum of H2hmp. 
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Figure 5.5: UV-Vis spectrum of H2hmp. 
 
An ORTEP perspective view of H2hmp is shown in Figure 5.6. The asymmetric unit 
consists of 4 molecules of H2hmp. The X-ray structure analysis shows that the ligand 
consists of two imine, two phenolic and one aliphatic OH moieties. The carbon-
double bond lengths in the four different molecules of H2hmp are: 1.269(3) Å [C(11)-
N(11)], 1.280(3) Å [N(12)-C(15)], 1.264(3) Å [N(21)-C(21)], 1.268(3) Å [N(22)-
C(25)], 1.269(3) Å [N(32)-C(35)], 1.271(3) Å [N(41)-C(41)], 1.268(3) Å [N(42)-
C(45)] and 1.272(3) Å [N(31)-C(31)], and are close to the range of typical HC=N 
bond lengths [13]. The bond angle around nitrogen atoms are: C(11)-N(11)-C(12) = 
119.0(2)˚, C(14)-N(12)-C(15) = 117.7(2)˚, C(21)-N(21)-C(22) = 119.1(2)˚, C(41)-
N(41)-C(42) = 118.8(2)˚, C(44)-N(42)-C(45) = 119.6(2)˚, C(31)-N(31)-C(32) = 
118.8(2)˚, C(24)-N(22)-C(25) = 119.5(2)˚ and C(34)-C(32)-C(35) = 119.4(2)˚, and are 
all close to the expected 120˚ angle for a sp2 hybridized nitrogen atom. The C-C bond 
lengths in the phenyl rings [average = 1.389(3) Å] show that the π electron density is 
delocalized in the aromatic rings.  
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Figure 5.6: An ORTEP view of H2hmp showing 40% probability displacement  
                              ellipsoids and the atoms labelling. Hydrogen atoms have been      
                                                              omitted for clarity. 
 
 
The molecular packing and intermolecular interactions in the crystal structure of 
H2hmp are shown in Figure 5.7. There are twelve inter and intramolecular hydrogen-
bonds in the packing of H2hmp: O(11)H(11A)•••N(11) [2.56(3)Å], 
O(12)H(12)•••N(12) [2.84(3)Å], O(13)H(13A)•••N(12) [2.60(3)Å], 
O(21)H(21A)•••N(21) [2.58(3)Å], O(22)H(22)•••N(32) [2.90(2)Å], 
O(23)H(23A)•••N(22) [2.60(3)Å], O(31)H(31A)•••N(31) [2.59(3)Å], 
O(32)H(32)•••N(42) [2.81(3)Å], O(33)H(33)•••N(32) [2.58(3)Å], 
O(41)H(41A)•••N(41) [2.60(3)Å], O(42)H(42)•••N(23) [2.875(3)Å] and 
O(43)H(43)•••N(42) [2.59(3) Å]  (Table 5.1).  
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Figure 5.7: Packing diagram in the unit cell of H2hmp showing  
        inter- and intramolecular hydrogen-bonds. 
 
Table 5.1: Hydrogen-bond distances (Å) and bond angles (˚) for H2hmp. 
DH•••A D-H       H•••A D•••A       DH•••A 
O(11)H(11A)•••N(11) 
O(12)H(12)•••N(12) 
O(13)H(13A)•••N(12) 
O(21)H(21A)•••N(21) 
O(22)H(22)•••N(32) 
O(23)H(23A)•••N(22) 
O(31)H(31A)•••N(31) 
O(32)H(32)•••N(42) 
O(33)H(33)•••N(32) 
O(41)H(41A)•••N(41) 
O(42)H(42)•••N(23) 
O(43)H(43)•••N(42) 
0.8400      
0.8400      
0.8400      
0.8400      
0.8400 
0.8400 
0.8400  
0.8400  
0.8400 
0.8400   
0.8400 
0.8400            
1.8400    
2.0100    
1.8500 
1.8300    
2.0600   
1.8300  
1.8400  
1.9700   
1.8400  
1.8600 
2.2700  
1.8400           
2.56(3)      
2.84(3)      
2.60(3) 
2.58(3)      
2.90(2) 
2.60(3) 
2.59(3)  
2.81(3)   
2.58(3) 
2.60(3) 
2.88(3) 
2.59(3)          
      146.00 
      170.00    
      148.00      
      147.00       
      172.00 
      147.00  
      147.00   
      175.00 
      146.00  
     147.00   
     129.00  
     147.00         
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5.3.3 Synthesis and characterization of complex 1 
The treatment of the oxorhenium(V) trans-[ReOCl3(PPh3)2] precursor with H2salen in 
a 2:1 molar ratio in ethanol led to the isolation of a neutral ligand-bridged 
oxorhenium(V) compound, (μ-salen)[ReOCl2(PPh3)]2 (1). The ligand salen2- acts as a 
bidentate N,O-donor chelate to two oxorhenium(V) centres in the complex (Figure 
5.8). Recrystallisation by slow evaporation of the mother liquor led to green crystals 
suitable for X-ray studies. Compound 1 is soluble in a wide range of polar solvents 
and is a non-electrolyte in DMF [14].  
 
Figure 5.8: Line structure of complex 1. 
 
The 1H NMR spectrum of 1 is shown by Figure 5.9. A thirty-proton multiplet in the 
range 7.35-7.73 ppm is indicative of the presence of the triphenylphosphine groups. 
The signals of the two imine groups appear at high field at 8.81 and 8.42 ppm and 
resonate as two singlets. The peak at 2.5 ppm is missing, which confirms the loss of 
the phenolic protons during the coordination.    
The infrared spectrum of 1 (see Figure 5.10) is characterized by the presence of the 
Re=O stretching frequency at 910 cm-1, which falls in the range of 890-1020 cm-1 for 
neutral six-coordinate monooxorhenium(V) complexes having an anionic phenolate 
oxygen coordinated trans to the oxo group [15-17]. Deprotonation of the phenolic OH 
groups during the coordination process in the complex is illustrated by the absence of 
a band in the region 3200-3500 cm-1 of the free ligand. The peaks at 1598 and 1608 
cm-1 are the evidence of the presence of HC=N bond. The Re-N and Re-O stretching 
energies are found at 538 and 453 cm-1 respectively. 
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The green colour of complex 1 leads to intense absorptions in the visible region of its 
electronic spectrum (Figure 5.11). This spectrum is very similar and typical to other 
oxorhenium(V) complexes containing oxo, nitrogen-donor and chloride ligands [18]. 
The spectrum shows an absorption band at 304 nm resulting from the π→π* 
intraligand interelectronic repulsion. The band at 437 nm is assigned to a ligand-to-
metal charge transfer band (LMCT). This band may due to charge transfer transition 
[pπ(O- →d*π(Re)]. The absorption band at 536 nm is evidence of a d-d transition 
which is most likely due to a (dxy)2 →(dxy)1 (d*π)1 transition. 
 
 
   Figure 5.9: 1H NMR spectrum of 1 in the aromatic region in CDCl3. 
 
 
Figure 5.10: IR spectrum of 1 in the range 400-1650 cm-1. 
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       Figure 5.11: UV-Vis spectrum of 1. 
 
An ORTEP view of the asymmetric unit of 1 is shown in Figure 5.12. The structure 
comprises of two independent and similar six-coordinated rhenium metals bridged by 
the ethane group of the coordinated tetradentate Schiff base ligand salen. Each 
oxorhenium(V) in the structure is octahedrally distorted, with an oxo group occupying 
the apical position. The structure shows that the rhenium atoms lie in the equatorial 
plane defined by two chloride atoms, one phosphorus atom of the triphenylphoshine 
group and an imino nitrogen atom of the salen ligand. The oxo groups O(12), O(22) 
and the phenolic oxygens O(11), O(21) are in trans axial positions. The oxorhenium 
bond lengths Re(1)=O(12) [1.694(2) Å] and Re(2)=O(22) [1.686(2) Å] are within the 
range expected with a phenolate oxygen trans to the oxo group [19-21]. The Re(1)-
O(21) bond length of 1.933(2) Å is greater than the length of terminal Re(1)=O(22) 
bond [1.686(2) Å] and the Re(2)-O(11) bond length of 1.929(2) Å is greater than the 
length of the terminal Re(1)=O(12) bond length of 1.694(2) Å [22]. The structure of 1 
shows four unequal Re-Cl bond lengths. The Re(1)-Cl(12) bond length of 2.419(9) Å 
is significantly longer than Re(1)-Cl(11) bond lenghth of 2.361(1) Å  due to the strong 
trans effect of the P(1) atom compared to the imino nitrogen N(1). Similarly, the 
Re(2)-Cl(22) bond length of 2.409(1) Å is significantly longer than Re(2)-Cl(21) bond 
length of 2.363(1) Å. 
Upon coordination of salen to the metal, the C(1)-N(1) [1.290(4) Å] and N(2)-C(4) 
[1.294(4) Å] bond lengths are in the expected range typical of a C=N double bond 
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[23]. The bond length C(1)-N(2) of 1.487(4) Å and N(2)-C(3) of 1.485(4) Å are 
greater than the bond lengths assigned to the C=N double bond. This characteristic 
confirms that these two bonds consist of C-N single bonds. The C(1)-N(1)-C(2) bond 
angle of 115.2(3)° and C(3)-N(2)-C(4) bond angle of 115.0(3)° are close  to 120° 
which supports the sp2 hybridization of the two azomethine nitrogen atoms  present in 
the compound 1. There are two bite angles described by the coordinated salen ligand 
around the two rhenium metals found in this dimeric complex. The N(1)-Re-O(11) of 
82.81(9)° and N(2)-Re-O(21) of 82.6(1)° fall within the normal range expected for 
similar bidentate N,O-donor ligands [24]. These bite angles in the structure clearly 
show the influence of the different nature of the N,O-donor atoms N(1), N(2), O(11) 
and O(21) of the coordinated salen ligand on the six-membered rings in which they 
are involved. Compound 1 also presents two unequal and non-linear trans angles 
described by phosphorus and chloride donor atoms: Cl(12)-Re(1)-P(1) [177.0(4)˚]   
and Cl(22)-Re(2)-P(2) [172.7(4)˚].         
Compound 1 is dominated by the formation of two six-membered metallorings 
described by the twisted and coordinated salen ligand around the rhenium metals. The 
average Re=O distance of 1.69 Å is typical for terminal Re=O bonds in 
oxorhenium(V) complexes, but at the lower end of the range observed for square-
pyramidal monoxorhenium(V) complexes [25-30]. The tetradentate chelate 
contributes one negative charge to each [ReO]3+ center in order to maintain 
electroneutrality of the compound. The two unequal Re(1)-N(1) [2.133(3) Å] and 
Re(2)-N(2) [2.152(3) Å] bond lengths are in the range found for Re-N(imine) bonds in a 
large variety of complexes [31]. These Re-N bond distances, coupled with the N(1)-
C(1) [1.290(4) Å] and N(2)-C(4) [1.294(4) Å] lengths, intimate that N(1) and N(2) are 
neutral imino nitrogen atoms.   
The molecular packing in the crystal structure is shown in Figure 5.13. The salen 
chelate is thus coordinated as a bidentate around each rhenium metal via both its 
imino nitrogens and phenolate oxygens. There are no hydrogen-bonding between the 
molecules in the asymmetric unit. 
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Figure 5.12: An ORTEP view of complex 1 showing 40% probability displacement  
 ellipsoids and the atom labelling. Hydrogen atoms were  
   omitted for clarity. 
 
 
 
Figure 5.13: Packing diagram in the unit cell of 1. 
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5.3.4 Synthesis and characterization of (μ-O)[ReO(salen)]2 (2) 
The oxorhenium(V) dimeric compound (μ-O)[ReO(salen)]2 (2) (Figure 5.14) was 
isolated from the reaction of a twofold molar excess of H2salen and cis-
[ReO2I(PPh3)2] in acetonitrile. A black precipitate was isolated from the reaction 
mixture after filtration of the resulting black solution, and black parallellograms 
suitable for X-ray analysis were obtained by the slow evaporation of the mother 
liquor. The equation below describes the synthetic route. 
     
2[ReO2I(PPh3)2] + 2H2salen              (μ-O)[ReO(salen)]2  + 4PPh3 + 2HI + 2H2O 
 
 
Figure 5.14: Line structure of complex 2. 
 
The 1H NMR spectrum of 2 (Figure 5.15) shows sharp and clear peaks, and is typical 
of the diamagnetic nature of the d2 system. The appearance of a single set of 
resonances (doublet-doublet, triplet, doublet and multiple) proves the magnetic 
equivalence of the protons of the four phenyl rings of the two coordinated salen. 
The IR spectrum of 2 (Figure 5.16) displays a stretching frequency as a strong 
intensity band at 898 cm-1, which is assigned to the terminal Re=O stretching mode.  
This absorption band is found in the range [890-1020 cm-1] expected for terminal 
Re=O in dimeric complexes [15]. An intense absorption peak at about 694 cm-1 
indicates the presence of bridging oxo groups ascribed to ν(Re-O-Re) [17,32]. The 
rhenium-imino nitrogen and rhenium-phenolate oxygen stretching frequencies are 
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observed at 471 and 453 cm-1, respectively. The peaks at 1600 and 1633 cm-1 are 
assigned to the ν(HC=N) of the coordinated salen moieties. 
The UV-Visible spectrum of 2 (Figure 5.17) shows two absorption bands at 313 and 
396 nm. The former band is ascribed to an intraligand π→π* transition, while the later 
is assigned to a ligand-to-metal charge transfer transition due to [pπ{(O-)}→d*π(Re)].  
 
      Figure 5.15: 1H NMR spectrum of 2 in the aromatic region from 6.78-7.66 ppm. 
 
 
      Figure 5.16: IR spectrum of complex 2 in the range of 400-1630 cm-1. 
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Figure 5.17: UV-Vis spectrum of 2. 
 
The structure of 2 is shown in Figure 5.18. Each rhenium is in a distorted octahedral 
environment. The basal plane is defined by the neutral imino nitrogen atoms N(1) and 
N(3) and the two monoanionic phenolate oxygen atoms O(1) and O(2). Each oxo-
bridge is symmetrical, with equal Re-O distances of 1.920(2) Å [Re(1)-O(4) and 
Re(1i)-O(4)]. This distance falls in the range normally observed for bridging oxo 
groups coordinated trans to an oxo group in oxorhenium(V) complexes [33-35]. The 
two monoanionic phenolate oxygen atoms O(1) and O(2) coordinate to the rhenium 
centers forming a bond angle O(1)-Re-O(2) [90.05(8)˚] close to orthogonality. 
Compound 2 shows one O=Re-O-Re=O oxo-bridged backbone consisting of two 
distorted six-coordinated rhenium cores. Both trans-[O=Re=O]+ and [O=Re-O-
Re=O]4+ cores have been studied and found to be most frequently cores rather than 
other oxorhenium cores in rhenium (V) complexes. The compound is dominated by a 
staggered conformation found in the coordinated salen ligand with each rhenium 
metal centre mutually rotated by 180° about the inversion centre O(4). The two six-
coordinated oxorhenium(V) cores in 2 are centrosymmetric with a linear bond angle 
Re(1)-O(4)-Re(1i) [180°]. The distortion within each octahedrally coordinated 
rhenium(V) is basically influenced by the O=Re-O [171.1(7)˚] bond angles, with the 
O(1)-Re-N(2) [171.30(9)˚] and O(2)-Re-N(1) [168.21(8)˚] bond angles all deviating 
from linearity. The Re=O(3) [1.706(2) Å] and Re-O(4) [1.920(2) Å] bond lengths of 
the oxo-bridged moiety are typical of Re-O bonds expected for oxorhenium(V) 
complexes [36]. 
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Figure 5.18: ORTEP view of 2, showing 40% probability displacement ellipsoids 
and the atom labelling. Hydrogen atoms have been omitted for clarity. 
 
The compound displays three bite angles described by N2O2-donor atoms. The first 
bite angle N(1)-Re(1)-N(2) [81.7(1)˚] is part of a five-membered ring. The two bite 
angles O(1)-Re(1)-N(1) [92.70(1)˚] and O(2)-Re(1)-N(2) [94.10(9)˚] are part of a six-
membered chelate ring. The Re-O(phenolic) [Re(1)-O(1) = 2.033(2) Å; Re(1)-O(2) = 
2.039(2) Å] and Re-N(imine) [Re(1)-N(1) = 2.057(2) Å; Re(1)-N(2) = 2.067(3) Å] bond 
distances are in the range expeted for oxorhenium(V) complexes [31]. The bond 
angles around N(1) and N(2) [C(3)-N(2)-C(4) = 124.0(3)˚ and C(1)-N(1)-C(2) = 
122.5(2)˚] are close to 120˚ which is evidence  of the sp2 hybridization of the nitrogen 
atoms of the coordinated salen. The bond lengths C(4)-N(2) [1.273(4) Å] and C(1)-
N(1) [1.276(4) Å]  are considerably shorter than the C(3)-N(2) bond length of 
1.478(4) Å and the C(2)-N(1) bond length of 1.480(4) Å. These two bonds may be 
considered as double bonds, while the latter are regarded as single bonds. 
The molecular packing in the crystal structure of 2 is shown in Figure 5.19. Its unit 
cell shows five independent asymmetric units. The salen chelate is thus coordinated as 
a tetradentate to each rhenium via its imino nitrogens and phenolic oxygen atoms. The 
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compound 2 displays only three intramolecular interactions: C(1)H(1)•••O(2) 
[2.931(3) Å], C(2)H(2A)•••O(2) [3.283(4) Å] and C(16)H(16)•••O(1) [3.398(4) Å].  
 
 
Figure 5.19: Packing diagram in the unit cell of complex 2. 
 
5.3.5 Synthesis and spectroscopic characterization of (μ-O)[ReO(hmp)]2 (3) 
The Re(V) dimeric complex (μ-O)[ReO(hmp)]2 (3) (Figure 5.20) was synthesized 
from the reaction of a twofold molar excess of H2hmp and cis-[ReO2I(PPh3)2] in 
ethanol. No precipitate was isolated from the reaction mixture, and dark green 
crystals, suitable for X-ray analysis, were obtained by the slow evaporation of the 
mother liquor. A reaction equation is suggested by: 
 
2[ReO2I(PPh3)2] + 2H2hmp                 (μ-O)[ReO(hmp)]2 + 2PPh3 + 2HI + 2H2O 
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Figure 5.20: Line structure of compound 3. 
 
The signals of the methine protons H(1) and H(5) (see Figure 5.21 for labelling) 
appears as a singlet the furthest downfield at 13.02.  The protons of the phenyl rings 
give signals at 7.65 ppm (doublet of a doublet), and two triplets at 7.47 and 7.38 ppm. 
The methylene protons H(2) and H(4) give rise to two singlets at 3.56 and 3.65 ppm. 
 The overlay IR spectra of H2hmp and 3 are shown by the Figure 5.22. The peak 
assigned to the terminal ν(Re=O) [952 cm-1] falls in the range of [890-1020 cm-1] 
expected for terminal Re=O bonds in dimeric complexes [15]. An intense absorption 
peak at 693 cm-1 indicates the presence of the bridging oxo group, being ascribed to 
ν(Re-O-Re) [17,32]. The ν(Re-N) and ν(Re-O) appear at 456 and 446 cm-1 
respectivelly. The ν(C=N) of the free H2hmp is found at 1631 cm-1, while the one of 
the coordinated moieties are found at 1600 and 1618 cm-1.  
The UV-Visible spectrum of 3 (Figure 5.23) shows one high absorption band at 319 
nm, which is assigned to an intraligand π→π* transition. The weak absorption band at 
404 nm is probably due to a (dxy)2 →(dxy)1 (d*π)1 transition. 
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  Figure 5.21: 1H NMR spectrum of 3 in the aromatic region 6.5 – 8.0 ppm in CDCl3. 
 
 
 
 
     Figure 5.22: Overlay IR spectra of H2hmp and 3 in the range of 400-1650 cm-1. 
 
 
              Complex 3 
              H2hmp ligand 
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Figure 5.23: UV-Vis spectrum of 3. 
 
The structure of 3 is shown in Figure 5.24. The dinuclear molecule is 
centrosymmetric, with a (μ-O)[ReO]2 unit at the centre with a  linear bond angle of 
180° [Re(1)-O(5)-Re(1i)]. The oxo-bridge is symmetrical, with equal Re-O distances 
of 1.916(2) Å for both [Re(1)-O(5)] and [Re(1i)-O(5)]. This distance falls in the range 
normally observed for oxo groups coordinated trans to an oxo group in bridged 
oxorhenium(V) complexes [33-35]. Each rhenium is in a distorted octahedral 
environment. The basal plane is defined by the neutral imino nitrogen atoms N(1) and 
N(2) (coordinated in cis axial positions), and the two phenolate oxygen atoms O(1) 
and O(3). Distortion from an ideal rhenium-centred octahedron results in a non-linear 
O(4)-Re-O(5) axis of 168.1(7)˚, and O(1)-Re-N(2) and O(3)-Re-N(1) trans angles of 
170.34(9)˚ and 170.55(9)˚ respectively. The bite angle N(1)-Re-N(2) [94.80(9)˚] is 
part of a five-membered ring and the other two bites angles O(1)-Re-N(1) [91.30(8)˚] 
and O(3)-Re-N(2) [90.94(9)˚] are part of six-membered metallorings. These angles all 
are remarkably close to orthogonality. The Re-N bonding distances are Re-N(1) 
[2.121(2) Å] and Re-N(2) [2.108(3) Å]. The Re=O(4) bond length of 1.703(2) Å is 
longer than those normally found for a linear monooxo-bridged O=Re-O-Re=O 
framework [33]. 
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Figure 5.24: ORTEP view of 3, showing 40% probability displacement ellipsoids 
and the atom labelling. Hydrogen atoms have been omitted for clarity. 
 
The molecular packing in the crystal structure of 3 is shown in Figure 5.25. The unit 
cell shows only one asymmetric unit. The hmp chelate coordinates as a tetradentate to 
each rhenium center via its imino nitrogen and phenolic oxygen atoms, leaving the 
hydroxyl group of propanediamine uncoordinated. There are two hydrogen-bonds in 
the molecules of the complex 3 found between O(2A)H(2A)•••O(1) [2.77(9) Å] and 
O(2)H(O)•••O(3) [2.77(4) Å]. 
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Figure 5.25: Molecular packing and intermolecular interactions in the crystal 
structure of 3.  
 
Table 5.2: Hydrogen-bond distances (Å) and angles (˚) for complex 3. 
DH•••A D-H       H•••A D•••A    DH•••A 
O(2A)H(2A)•••O(6) 
O(2)H(O)•••O(3) 
0.8400      
0.8400      
1.9300 
1.9600    
2.77(9)      
2.77(4)     
178.00      
170.00   
 
5.3.6 Synthesis and characterization of [ReO(amben)](ReO4) (4) 
The reaction of trans-[ReOCl3(PPh3)2] and a twofold molar excess of H2amben led to 
the formation of the cationic complex salt [ReO(amben)](ReO4) (4) (Figure 5.26) in 
good yield. Recrystallisation from the slow evaporation of the mother liquor afforded 
black cubic crystals suitable for X-ray diffraction studies. Compound 4 is soluble in 
alcohols and other polar solvents, which include acetonitrile, dimethylformamide and 
dichloromethane. The equation below describes the synthetic route. 
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2[ReOCl3(PPh3)2] + H2amben + 2H2O + 1/2O2                 4  + 4PPh3 + 6HCl 
 
 
Figure 5.26: Line structure of compound 4. 
 
The 1H NMR spectrum emphasizes the symmetry within the molecule. The 
corresponding protons on each half of the chelate exhibit magnetic equivalence. The 
two methine protons H(1) and H(2) give rise to a singlet the furthest downfield at 
13.12 ppm, and the amido protons’ signal occurs as a two proton singlet at 9.05 ppm. 
The eight protons of the two phenyl rings appear as a doublet (7.71 ppm, H(13), 
H(23)), triplet (7,59 ppm, H(15), H(25)), doublet (7.18 ppm, H(16), H(26)) and a 
triplet (6.83 ppm, H(14), H(24)). 
The infrared spectrum of 4 (Figure 5.27) indicates the presence of a medium intensity 
absorption at 972 cm-1, which is ascribed to the asymmetric ReV=O stretching mode. 
A very strong absorption peak at 908 cm-1 indicates the presence of the counter-ion 
ReO4- [ν(ReVII=O)]. Two intense absorption bands at 1631 and 1608 cm-1 are assigned 
to the HC=N in the free and coordinated amben respectively. The Re-N stretches are 
indicated by medium intensity peaks at 468 and 495 cm-1. The latter is assigned to 
ν(Re-NH). 
Figure 5.28 shows the overlay UV/Vis spectra of H2amben and 4. In the spectrum of 
free H2amben, the peak at 345 nm is assigned to the intraligand π→π*. In complex 4, 
this peak is shifted to 356 nm, and the additional absorption band at 553 nm is 
assigned to a d-d transition as is normally found for this type of oxorhenium(V) 
complexes. The peak at 431 nm is associated to a LMCT transition [pπ(O-) →d*π(Re)]. 
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Figure 5.27: Overlay IR spectra of H2amben and complex 4  
in the range 400-1630 cm-1. 
 
 
Figure 5.28: Overlay UV-Vis spectra of H2amben and complex 4. 
 
 
              Complex 4 
              H2amben ligand 
              Complex 4 
              H2amben ligand 
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An ORTEP perspective view of 4, with the atom numbering scheme, is given in 
Figure 5.29. Selected bond distances and angles are given in Table 5.13. Compound 4 
exhibits a distorted square-pyramidal geometry, with the oxo group occupying the 
apical position. In this complex the coordinated ligand was twisted via the ethane 
group. The rhenium  is lifted out of the mean equatorial plane, described by the four 
nitrogen donor atoms, by 0.649 Å towards O(1). This is due to the repulsion of the 
equatorial donor atoms which results in different angles larger than 90°: O(1)-Re(1)-
N(1) [107.09(9)°], O(1)-Re(1)-N(2) [113.04(8)°], O(1)-Re(1)-N(12) [109.65(2)°] and 
O(1)-Re(1)-N(22) [106.07(9)°]. The Re=O distance of 1.678(2) Å is typical for 
monooxorhenium(V) complexes, and the Re-Namide distances [Re-N(12) = 1.960(2) Å; 
Re-N(22) = 1.969(2) Å] are similar to those found in the literature [27]. The Re-N(1) 
and Re-N(2) bond lengths of 2.058(2) Å and 2.052(2) Å, respectively, are typical of 
ReV-N(imine) bonds [37,38]. The bite angle N(1)-Re(1)-N(2) [77.58(7)°] forms a 
five-membered ring and is markedly smaller than the two bite angles  N(2)-Re(1)-
N(22) [86.05(8)°] and N(1)-Re(1)-N(12) [86.40(8)°], which form two six-membered 
chelate rings. The compound also shows two trans angles defined by the coordinated 
amben chelate: N(1)-Re(1)-N(22) [146.61(9)°] and N(2)-Re(1)-N(12) [137.11(9)°]. 
These angles deviate considerably from linearity. The C(1)-N(1)-C(3) and C(4)-N(2)-
C(2) bond angles of 118.9(2)° and 118.6(2)° are close to the ideal of 120° for a sp2 
hybridized nitrogen atom.  
 
Tetradentate ligands have been used previously for rhenium(V) complex synthesis. 
The N,N’-bis(2-pyridylmethyl)ethylenediamine (H2ped) is a potentially tetradentate 
ligand with four N-donor atoms and was used to isolate a complex salt of formula 
[ReOCl2(H2ped)]Cl, in which the coordination number of rhenium(V) is seven [39]. 
ReV=O complexes are almost exclusively five-coordinate (square pyramidal) or six-
coordinate (octahedral geometry). 
 
The molecular packing in the crystal structure of 4 is shown in Figure 5.30. Its unit 
cell shows four asymmetric units accompanied by four perrhenate counter-ions. In 
compound 4 amben coordinates as a tertadentate chelate to the rhenium center via its 
amino nitrogen and phenolic oxygen atoms. There two intramolecular hydrogen-
bonds in the molecules of the complex are: N(12)H(712)•••O(52) [3.143(3) Å] and 
N(22)H(722)•••O(52) [3.063(3) Å].  
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Figure 5.29: ORTEP view of 4, showing 40% probability displacement ellipsoids 
and the atom labelling.  
 
Figure 5.30: Molecular packing and intermolecular interactions in the crystal            
structure of 4 showing perrhenate counter-ions and the recrystallized 
methanol solvent.  
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Table 5.3: Hydrogen-bond distances (Å) and angles (˚) for complex 4. 
DH•••A D-H       H•••A D•••A       DH•••A 
N(12)H(712)•••O(52) 
N(22)H(722)•••O(52) 
0.84(3) 
0.85(3) 
2.33(3)       
2.24(3) 
3.143(3)      
3.063(3)      
      164(2) 
      163(3)    
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Table 5.4: Crystal data and structure refinement data for H2hmp. 
Chemical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
Unit cell dimensions (Å, ˚) 
C17H18N2O3     
298.33   
200 
Monoclinic 
P21/c                         
a = 35.613(2)                  
 
 
Crystal size [mm] 
V(Å 3)  
Z 
Density (calc.) (g/m3) 
Absorption coefficient (mm-1) 
F(000) 
θ range for data collection (deg) 
Index ranges 
Reflections measured 
Independent/observed reflections 
Data/parameters 
Goodness-of-fit on F2 
R, wR2 
Largest diff. peak and hole (e/Å3) 
b = 11.2267(7)                β = 109.490(2)     
c = 16.1503(9)   
0.21 x  0.25 x  0.57   
6087.1(6)   
4    
1.302   
0.090 
2528 
1.9-28.4   
-47≤h≤43; -15≤k≤14;-14≤l≤21 
36775  
12359/11001  
12359/805    
1.04   
0.0350, 0.0970 
0.23, -0.19 
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Table 5.5: Crystal data and structure refinement data for complex 1. 
Chemical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
Unit cell dimensions (Å, ˚) 
C52H44Cl4N2O4P2Re2   
1337.05   
200 
Monoclinic 
P21/c                         
a = 30.8416(9)              
 
 
Crystal size [mm] 
V(Å 3)  
Z 
Density (calc.) (g/m3) 
Absorption coefficient (mm-1) 
F (000) 
θ range for data collection (deg) 
Index ranges 
Reflections measured 
Independent/observed reflections 
Data/parameters 
Goodness-of-fit on F2 
R, wR2 
Largest diff. peak and hole (e/Å3) 
b = 9.8629(3)               β = 93.428(1) 
c = 16.4016(5)               
0.08  x  0.32 x  0.38   
4980.2(3)   
4    
1.783   
5.183   
2600 
2.2-28.4   
-41≤h≤41;-13≤k≤13;-21≤l≤16 
59831 
12389/10721  
12389/595    
1.09   
0.0278, 0.0569 
1.66, -1.13  
 
 
Chapter 5                                                                                                G. Habarurema 
Nelson Mandela Metropolitan University                                                                 130	
 
Table 5.6: Crystal data and structure refinement data for complex 2. 
Chemical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
Unit cell dimensions (Å, ˚) 
C32H28N4O7Re2   
953.00   
200 
Monoclinic 
P21/c                         
a = 10.3023(4)              
 
 
Crystal size [mm] 
V(Å 3)  
Z 
Density (calc.) (g/m3) 
Absorption coefficient (mm-1) 
F (000) 
θ range for data collection (deg) 
Index ranges 
Reflections measured 
Independent/observed reflections 
Data/parameters 
Goodness-of-fit on F2 
R, wR2 
Largest diff. peak and hole (e/Å3) 
b = 11.7251(4)               β = 105.947(1)      
c = 12.7671(4) 
0.25 x  0.28 x  0.35   
1482.86(9) 
4    
2.134   
8.213   
908 
2.7-28.3   
-12≤h≤13;-15≤k≤15;-17≤l≤17 
25896 
3683/3375   
3683/205    
1.23 
0.0167, 0.0411 
0.59, -1.33  
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Table 5.7: Crystal data and structure refinement data for complex 3. 
Chemical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
Unit cell dimensions (Å, ˚) 
C34H32N4O9Re2, 2(C2H6O)     
1105.19   
200 
Triclinic 
P-1                         
a = 10.2104(3)               α =  93.617(1) 
 
 
Crystal size [mm] 
V(Å 3)  
Z 
Density (calc.) (g/m3) 
Absorption coefficient (mm-1) 
F (000) 
θ range for data collection (deg) 
Index ranges 
Reflections measured 
Independent/observed reflections 
Data/parameters 
Goodness-of-fit on F2 
R, wR2 
Largest diff. peak and hole (e/Å3) 
b = 10.3713(3)               β = 105.947(1)      
c = 10.4459(3)                γ = 97.308(1)   
0.16 x  0.18 x  0.18   
952.94(5) 
1 
1.926   
6.412   
538 
2.0-28.3   
-13≤h≤11; -13≤k≤13; -13≤l≤12 
16699 
4674/4343   
4674/291    
1.06 
0.0175, 0.0394 
1.07, -1.21 
 
 
 
Chapter 5                                                                                                G. Habarurema 
Nelson Mandela Metropolitan University                                                                 132	
 
Table 5.8: Crystal data and structure refinement data for complex 4. 
Chemical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
Unit cell dimensions (Å, ˚) 
C16H16N4ORe,O4Re, 0.5(C2H8O2)   
748.79   
200 
Monoclinic 
P21/n                         
a = 8.6400(2)                  
 
 
Crystal Size [mm] 
V(Å 3)  
Z 
Density (calc.) (g/m3) 
Absorption coefficient (mm-1) 
F (000) 
θ range for data collection (deg) 
Index ranges 
Reflections measured 
Independent/observed reflections 
Data/parameters 
Goodness-of-fit on F2 
R, wR2 
Largest diff. peak and hole (e/Å3) 
b = 18.7521(4)              β = 101.380(1) 
c = 12.3162(3) 
- 
1956.22(8)   
4    
2.543   
12.408   
1392 
2.0-28.3   
11≤h≤-11; 25≤k≤25; 14≤l≤16 
18801 
4875/4521   
4875/271    
1.07   
0.0201, 0.0463 
2.03, -1.91  
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Table 5.9: Selected bond lengths (Å) and bond angles (˚) for H2hmp.  
                                                      Bond lengths  
N(11)-C(11) 
N(11)-C(12) 
N(12)-C(14) 
N(12)-C(15) 
N(21)-C(21) 
N(21)-C(22) 
N(22)-C(25) 
N(22)-C(24) 
1.269(3) 
1.457(4) 
1.455(3)      
1.280(3) 
1.264(3) 
1.460(3) 
1.268(3) 
1.462(3) 
N(31)-C(32)  
N(32)-C(34)  
N(32)-C(35)  
N(41)-C(41)  
N(41)-C(42)  
N(42)-C(44)  
N(42)-C(45) 
N(31)-C(31)  
        1.454(3) 
        1.462(3) 
        1.269(3) 
        1.271(3)        
        1.466(3) 
        1.451(3) 
        1.268(3) 
        1.272(3) 
                                                      Bond Angles 
C(11)-N(11)-C(12) 
C(14)-N(12)-C(15) 
C(21)-N(21)-C(22) 
C(24)-N(22)-C(25) 
119.0(2)    
117.7(2) 
119.1(2)    
119.5(2)    
C(41)-N(41)-C(42) 
C(44)-N(42)-C(45) 
C(31)-N(31)-C(32) 
N(12)-C(11)-C(111)  
        118.8(2)    
        119.6(2)    
        118.8(2)    
        121.3(2) 
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Table 5.10: Selected bond lengths (Å) and bond angles (˚) for complex 1. 
                                                           Bond lengths  
Re(1)-Cl(11) 
Re(1)-P(1) 
Re(1)-O(12) 
Re(2)-Cl(21) 
Re(2)-P(2)  
Re(2)-O(22)  
N(1)-C(1) 
N(2)-C(3) 
C(2)-C(3)  
2.361(1) 
2.467(9) 
1.694(2)  
2.363(1) 
2.460(1) 
1.686(2) 
1.290(4)  
1.485(4) 
1.514(5)              
Re(1)-Cl(12) 
Re(1)-O(11) 
Re(1)-N(1) 
Re(2)-Cl(22) 
Re(2)-O(21) 
Re(2)-N(2)  
N(1)-C(2) 
N(2)-C(4)  
C(4)-C(21)                
        2.419(9)  
        1.929(2)  
        2.133(3) 
        2.409(1) 
        1.933(2) 
        2.152(3) 
        1.487(4)  
        1.294(4) 
        1.440(4)        
                                                     Bond Angles 
Cl(11)-Re(1)-Cl(12) 
Cl(11)-Re(1)-P(1) 
Cl(11)-Re(1)-O(11) 
Cl(11)-Re(1)-N(1) 
Cl(12)-Re(1)-N(1)  
O(11)-Re(1)-O(12)  
O(12)-Re(1)-N(1)  
Cl(21)-Re(2)-P(2) 
Cl(21)-Re(2)-O(22) 
Cl(22)-Re(2)-P(2) 
Cl(22)-Re(2)-O(22) 
C(1)-N(1)-C(2) 
P(2)-Re(2)-O(21) 
P(2)-Re(2)-N(2)                
90.26(3) 
88.93(3) 
88.22(7)  
170.89(7)  
87.79(7) 
170.7(1)  
88.68(1)  
90.02(4) 
98.86(9) 
172.7(4)  
99.35(9) 
115.2(3) 
86.42(8) 
91.25(8) 
O(21)-Re(2)-N(2) 
O(22)-Re(2)-N(2) 
Cl(11) -Re(1)-O(12) 
Cl(12)-Re(1)-P(1) 
P(1)-Re(1)-N(1)  
O(11)-Re(1)-N(1) 
Cl(21)-Re(2)-Cl(22) 
Cl(21)-Re(2)-O(21) 
Cl(21)-Re(2)-N(2) 
Cl(22)-Re(2)-O(21) 
Cl(22)-Re(2)-N(2) 
C(3)-N(2)-C(4) 
P(2)-Re(2)-O(22) 
O(21)-Re(2)-O(22)      
        82.57(1) 
        88.69(1) 
        100.4(8) 
        177.0(4)  
        92.56(6)  
        82.81(9) 
        87.19(3)  
        90.03(8) 
        172.4(8)  
        86.80(8) 
        90.65(8) 
        115.0(3)  
        87.78(9)  
        169.39(1)   
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Table 5.11: Selected bond lengths (Å) and bond angles (˚) for complex 2. 
                                                 Bond lengths 
Re(1)-O(1) 
Re(1)-O(3)  
Re(1)-N(1)  
N(1)-C(1)   
N(1)-C(2)                   
2.033(2) 
1.706(2) 
2.057(2)  
1.276(4) 
1.480(4)     
Re(1)-O(2)  
Re(1)-O(4) 
Re(1)-N(2) 
N(2)-C(4) 
N(2)-C(3)       
2.039(2) 
1.920(2) 
2.067(3) 
1.273(4) 
1.478(4) 
                                                  Bond Angles 
O(1)-Re(1)-O(2) 
O(1)-Re(1)-O(4) 
O(1)-Re(1)-N(2)  
O(2)-Re(1)-O(4) 
O(2)-Re(1)-N(2)  
O(3)-Re(1)-N(1) 
O(4)-Re(1)-N(1) 
N(1)-Re(1)-N(2)  
C(1)-N(1)-C(2)          
90.05(8) 
90.49(6) 
171.30(9) 
86.30(5) 
94.10(9) 
94.43(9) 
82.22(6)  
81.7(1)    
122.5(2)    
O(1)-Re(1)-O(3) 
O(1)-Re(1)-N(1) 
O(2)-Re(1)-O(3) 
O(2)-Re(1)-N(1) 
O(3)-Re(1)-O(4) 
O(3)-Re(1)-N(2) 
O(4)-Re(1)-N(2) 
Re(1)-O(4)-Re(1_a) 
C(3)-N(2)-C(4)                 
97.97(9) 
92.70(1) 
96.54(9)   
168.21(8)  
171.06(7) 
89.16(1) 
82.17(7) 
180.00  
124.0(3)          
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Table 5.12: Selected bond lengths (Å) and bond angles (˚) for complex 3. 
                                                 Bond lengths 
Re(1)-O(1) 
Re(1)-O(3)  
Re(1)-N(1)  
N(1)-C(1)   
N(1)-C(2)                   
2.010(2) 
2.015 (2) 
2.121(2) 
1.285(4) 
1.286(4)     
Re(1)-O(5)  
Re(1)-O(4) 
Re(1)-N(2) 
N(1)-C(2a) 
N(2)-C(4a)       
1.916(2) 
1.703(2)     
2.108(3)      
1.452(2)     
1.475(9)      
                                                 Bond Angles 
O(1)-Re(1)-O(3)        
O(1)-Re(1)-O(4) 
O(1)-Re(1)-O(5)  
O(1)-Re(1)-N(1) 
O(1)-Re(1)-N(2)  
O(3)-Re(1)-O(4) 
O(3)-Re(1)-O(5) 
N(1)-Re(1)-O(3)  
O(3)-Re(1)-N(2)        
82.08(8)    
98.69(9) 
89.98(6) 
91.30(8) 
170.34(9) 
99.18(9) 
90.05(6)    
170.55(9) 
90.94(9)    
O(4)-Re(1)-O(5) 
O(4)-Re(1)-N(1) 
O(4)-Re(1)-N(2) 
O(5)-Re(1)-N(1) 
O(5)-Re(1)-N(2) 
N(1)-Re(1)-N(2) 
C(4a)-N(2)-C(5) 
Re(1)-O(5)-Re(1_a) 
C(1)-N(2)-C(2)                 
168.1(7) 
88.43(8) 
88.98(1) 
83.19(5)   
83.32(7) 
94.80(9) 
117.2(5) 
180.00  
117.5(1)          
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Table 5.13: Selected bond lengths (Å) and bond angles (˚) for complex 4. 
                                                 Bond lengths 
Re(1)-O(1) 
Re(1)-N(1)  
Re(1)-N(22) 
N(1)-C(1)   
N(1)-C(3)   
Re(2)-O(51)               
1.678(2)      
2.058(2) 
1.969(2)      
1.301(3) 
1.485(3) 
1.693(3) 
Re(1)-N(2)  
Re(1)-N(12) 
Re(2)-O(53) 
N(2)-C(2) 
Re(2)-O(54) 
Re(2)-O(52) 
2.052(2) 
1.960(2)      
1.716(3) 
1.299(3)     
1.716(3)  
1.721(2)     
                                                  Bond Angles 
O(1)-Re(1)-N(1) 
O(1)-Re(1)-N(2) 
O(1)-Re(1)-N(12) 
O(1)-Re(1)-N(22) 
N(1)-Re(1)-N(2)  
N(1)-Re(1)-N(12)  
N(1)-Re(1)-N(22) 
N(2)-Re(1)-N(12)  
N(2)-Re(1)-N(22) 
107.09(9) 
113.04(8) 
109.65(9) 
106.07(9)    
77.58(7)    
86.40(8) 
146.61(9)    
137.11(9) 
86.05(8)    
N(12)-Re(1)-N(22) 
O(54)-Re(2)-O(52) 
O(54)-Re(2)-O(53) 
O(51)-Re(2)-O(54) 
O(51)-Re(2)-O(52) 
O(51)-Re(2)-O(53) 
O(52)-Re(1)-O(53) 
C(1)-N(1)-C(3) 
C(4)-N(2)-C(2)                 
86.19(8) 
109.3(2) 
122.3(2) 
108.4(1) 
120.8(2) 
108.4(1)   
111.2(1)    
118.9(2) 
118.6(2)          
 
 
 
 
 
 
 
Chapter 6                                                                                                G. Habarurema 
Nelson Mandela Metropolitan University                                                                 141	
 
  Chapter 6 
 
 
Conclusion and Future Work 
 
This study presents the successful synthesis and characterization of rhenium 
complexes with Schiff base ligands. In this study potentially multidentate tridentate, 
tetradentate and pentadentate N,O-donor Schiff base ligands were used. The reactions 
of these ligands with different rhenium precursors led to complexes with unusual 
structural and chemical properties. 
 
Chapter 3 is a study of the synthesis, characterization and the coordination modes of a 
pentadentate Schiff base ligand, 2,6-bis(2-hydroxyphenylimino)dimethylpyridine 
(H2hpp) with the fac-[Re(CO)3]+ and [ReO]3+ cores. Coordination of this pentadentate 
chelate to Re(V) precursors led to the formation of the seven-coordinate rhenium(III) 
complexes. Tridentate coordination of H2hpp to fac-[Re(CO)3]+ shows the presence of 
both coordinated and free phenolic and imino groups in the ligand. This coordination 
mode could be used for the design of new rhenium(I) and technetium(I) 
radiopharmaceuticals. 
 
Chapter 4 is an extension of the study on the coordination modes of Schiff base 
ligands derived from the reaction of 1,2-diaminobenzene and 1,2-diaminoethane with 
salicylaldehyde. This chapter includes the synthesis of Re(V)-imido complexes 
containing tridentate Schiff base ligands. Deprotonation of the amino groups in these 
ligands led to highly electron-rich sigma- and pi-donating imido nitrogens which 
provided enough electron density to the high oxidation state metal to substitute the 
oxo group. The reactions of the potentially tetradentate ligand N,N′-o-phenylene-
bis(salicylaldimine) (H2salphen) with rhenium(V) precursors were explored in this 
chapter. Complexes containing only sections of H2salphen were produced by the 
metal-induced decomposition of the ligand. It discusses the interests in the use of the 
Re(V)-imido cores in radiopharmaceutical design due to their stability during 
derivatization and functionalization of potential radiopharmaceuticals.  
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The syntheses of tetradentate ligands and their coordination behaviour to rhenium are 
described in Chapter 5. These highly conjugated tetradentate ligands provide electron 
density to stabilize the acidic [ReO]3+ against  in vivo  oxidation. Deprotonation of the 
amino groups of N1,N2-bis(aminobenzylidene)-1,2-ethylenediamine (H2amben) allows 
it to coordinate as a dianionic chelate. The coordination of 2-{[2-hydroxy-3-{[(E)-(2-
hydroxyphenyl)methylidene]amino}propyl)imino]methyl}phenol (H2hmp) and N,N'-
ethylene-bis(salicylideneimine) (H2salen) to rhenium(V) led to neutral homoleptic 
oxorhenium(V) salen and hmp dimeric complexes. The polymeric structure of the 
coordinated salen in some complexes forms a bridge as neutral ligand between the 
metal centers.  
 
Future work will focus on the coordination behaviour of the fac-[Re(CO)3]+ and 
[ReO]3+ moieties with potentially multidentate Schiff bases containing other donor 
atoms such as sulfur and phosphorus. Numerous reaction conditions will be used to 
isolate more compounds having other biological active molecules such as imidazoles, 
benzamides and benzothiazoles. The resulting ligand systems can act as 
multifunctional chelators to rhenium. The interest of this research will mainly be 
based on the development of chemical agents that could possibly be used as a 
therapeutic agent for cancer. 
  
The project can be extended to various potentially multidentate Schiff base ligands 
such as hexa- and heptadentate Schiff base ligands containing other derivatized 
biologically active heterocyclic moieties that could be utilized as multitarget drugs. 
This would help in the design of new rhenium rhenium radiopharmaceuticals for 
cancer radiotherapy. 
 
 
 
